Home
Preface
Objectives
Fire Behavior
Fuels

Air Quality
Soils & Water
Plants
Wildlife
Cultural Res.
Grazing

Mgmt.
Evaluation

Data Analysis

Computer
Soft.

Glossary
Bibliography
Contributions

National Wildfire Coordinating Group

Fire Effects Guide

This page was last modified 06/21/01
|Disclaimer| | Privacy| | Copyright| |Webmaster|

FIRE EFFECTS GUIDE

Sponsored by:

National Wildlife Coordinating Group

Fire Use Working Team

Copies of the guide (NFES 2394) can be ordered form:

National Interagency Fire Center
Great Basin Area Cache
3833 S. Development Ave.
Boise ID 83702


http://www.fws.gov/help/policies.html#num3
http://www.fws.gov/help/policies.html#privacy
http://www.fws.gov/help/policies.html#copyright
mailto:bill_leenhouts@fws.gov

Home
Preface
Objectives
Fire Behavior
Fuels

Air Quality
Soils & Water
Plants
Wildlife
Cultural Res.
Grazing

Mgmt.
Evaluation

Data Analysis

Computer
Soft.

Glossary
Bibliography
Contributions

National Wildfire Coordinating Group

Fire Effects Guide

This page was last modified 06/20/01
|Disclaimer| | Privacy| | Copyright| |Webmaster|

PREFACE
by Dr. Bob Clark and Melanie Miller
A. Purpose

The Federal government manages a variety of ecosystems across the
United States, including deserts, grasslands, tundra, shrublands,
forestlands, estuaries, and riparian zones. These ecosystems range
from arid to humid, warm to cold, and sea level to over 10,000 feet
elevation. Fires naturally occur in almost all of these ecosystems, with
fire characteristics determined by climate, vegetation, and terrain.

The purposes of this Guide are to summarize available information on
fire effects principles and processes, provide references for additional
information, and provide guidelines for the collection, analysis, and
evaluation of wild and prescribed fire effects data. Basic mechanisms of
fire effects are described so that the reader will be able to understand
and interpret fire effects literature, and evaluate observed results that
conflict with those presented in published reports. The goal is to improve
fire management by improving our ability to manage fire effects.

The Guide was written as an aid for resource managers and fire
managers. It can be used for managing and evaluating wildfires;
developing and implementing emergency fire rehabilitation plans;
planning, monitoring, and evaluating prescribed fires; developing activity
plans such as timber management plans, allotment management plans,
and threatened and endangered species recovery plans; and providing
fire management input for land use plans.

B. Assumptions
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Ecosystems have evolved with, and adapted to, specific fire regimes. In
a particular ecosystem, natural fires occurred with fairly specific, albeit
irregular, frequency and typical season of occurrence; with characteristic
fireline intensity and severity; and characteristically did or did not involve
the crowns of trees or shrubs. Gross differences occurred among
ecosystems. For example, frequent, low intensity, surface fires were
common in ponderosa pine ecosystems, whereas fires in big sagebrush
were probably less frequent, of higher intensity, and killed much of the
sagebrush overstory. High intensity, stand replacement fires at long
intervals were characteristic of some forest types, while annual fires may
have been common on some Great Plains grasslands. Despite this
variability in fire regimes, universal principles and processes govern
response of ecosystem components to fire. Recognition and
understanding of the principles and processes can help our
understanding of the variability in postfire effects that is often reported in
the literature, and differences between reported results and local
observations on burned areas. This knowledge will enable resource and
fire managers to predict and evaluate fire effects, regardless of
ecosystem or fire regime.

Fire effects are the result of an interaction between the heat regime
created by the fire and the properties of ecosystem components present
on the site. For example, plant species in vegetation types that have
evolved with frequent fire tend to be much more resistant to fire than
species from plant communities that rarely burned. The effects of a fire
burning under the same conditions may be very different on soils of
different textures or chemical properties. Variation in fire effects may
also occur within ecosystems because of differences in site
characteristics, fuel conditions, and weather prior to, during, and after
the fire. A fire may have different effects upon the same site if it occurs
in different seasons or within the same season but with different fuel,
duff, and soil moisture. For these reasons, it is important to document
conditions under which the fire occurred, and the characteristics of the
fire, as part of any effort to monitor postfire effects.

The words fire intensity, severity, fireline intensity, and burn severity are
often used interchangeably in the literature. The following terminology is
used throughout this Handbook to describe the properties of fire. All
definitions that describe the behavior of a flaming fire are those used in
the Fire Behavior Prediction System (Rothermel 1983), including fireline
intensity, the rate of heat release per linear foot of the flaming front. Burn
severity is a qualitative assessment of the heat pulse toward the ground,



and relates to subsurface heating, large fuel and duff consumption, and
consumption of litter and organic layers beneath isolated trees and
shrubs. The terms fire intensity and intensity are used by some authors
to describe the overall heat regime of a fire. They are generic terms that
are often confused with fireline intensity, and are not used as a synonym
for fireline intensity in this Handbook.

The Guide recognizes that a natural fire regime cannot be perpetuated
in unnatural communities. Timber harvest practices, grazing patterns
and degree of use, the accidental or deliberate introduction of exotic
plants and animals, other cultural activities that alter fuel continuity and
loading, and the modification of historic fire patterns through active
suppression have changed many plant communities. Interruption of fuel
continuity by livestock grazing, road construction, and other
developments has resulted in fires that are less frequent, smaller, and of
lower fireline intensity, in some ecosystems. The introduction of exotic
plants such as cheatgrass, coupled with anthropogenic ignition sources,
has greatly increased fire size and frequency in other ecosystems.

Active suppression has resulted in large areas, especially in shrublands
and forests, that are extremely susceptible to fire. The exclusion of fire
has resulted in a larger proportion of vegetation in older age classes,
except in regulated forests, which are more susceptible to insect and
disease infestations. The amount of dead plant material has increased,
either accumulated on the ground or retained on plants. In plant
communities with historically short fire cycles, the absence of fire has
allowed the development of fuel ladders between the surface and the
overstory. Fires which do occur are often carried into the tree crowns by
large accumulations of down dead woody fuels or understory trees,
causing a stand replacement fire in forest types where historically,
overstory trees were rarely killed. In vegetation communities with long
natural fire cycles, younger, intermixed, less flammable age classes of
vegetation are not as prevalent as they would have been under a natural
fire regime. Coupled with the increased incidence of insect and disease,
the continuity of highly flammable stands has increased, resulting in
greater potential for extremely large fires. Plans for the

C. Handbook Organization

The chapters of this Guide discuss different elements that relate to our
management of fire effects and specific responses of different
ecosystem components to fire. This Handbook recognizes that separate



discussions of fire effects on fuels, soils, watershed, plants, and wildlife
are artificial, because fire effects are an integration of the responses of
all of these components to fire. Despite the fact that fire effects occur
holistically, ecosystem components are discussed individually as a
means of organizing the information. Chapters describe basic principles
and processes that regulate fire effects, including fire behavior and
characteristics, fuels, air quality, soils and watershed, plants, wildlife,
and cultural values. Considerations for management of fire effects on
these resources, and a discussion of appropriate techniques for
monitoring fire effects, are contained in each of these chapters.
Monitoring is included in this Handbook because techniques that
accurately describe long-term trends in plant community condition, for
example, are not adequate to detect significant and sudden changes
caused by burning. Because an understanding of prefire and postfire
grazing management, data analysis, and documentation and evaluation
procedures is critical to sound management and monitoring of fire
effects, chapters on each of these topics are also included. Resource
management is goal oriented. The first chapter in this Guide is a
discussion of goals and objectives and how they fit into planning for the
use and management of fire.
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CHAPTER | - DEVELOPMENT OF OBJECTIVES
By Dr. Tom Zimmerman
A. Introduction

Management is the process of anticipating the future, setting objectives,
iImplementing an action, achieving an output, and performing an
evaluation comparing the output to the objective. Management is not
possible without setting objectives. Clear and easily communicated
objectives facilitate the management process.

In land management programs, the desired outcome of management
actions is expressed as management objectives. Objectives represent
an important component of all land management programs and are the
single most important factor driving all management actions.

B. Definitions and Qualities of Good Objectives

1. Goals and Objectives - Definition. In land management, both goals
and objectives are important. Goals are primary and basic products of
the long range management plans. These goals are commonly referred
to as land use decisions. Goals are relatively short statements that
discuss what the public lands are to be used for and where the uses will
occur. Each statement addresses a land use, but is not limited to the
principal or major use.

Objectives are a necessary component of the planning process; they
provide a bridge between goals and the implementation phase.
Objectives describe what procedures will be used and when actions will
be completed.
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During the planning of fire management projects, objectives are
formulated and used as the basis for development of an action plan.
Interdisciplinary (I.D.) teams coordinate various concerns and develop
objectives for a project. The I.D. teams are composed of resource
specialists from different disciplines who address concerns of the
affected resources and resolve conflicts among resource disciplines that
arise from specific management actions.

2. Qualities of Good Objectives. Fire management objectives must be
made up of certain attributes or they will not convey the necessary
guidance. Good objectives must be informative and SMART. Objectives
that are SMART are:

S - Specific - what will be accomplished, using limiting factors, and
identifying the range of acceptable change from the present to the
proposed condition.

M - Measurable - the present and proposed condition must be
guantifiable and measurable.

A - Achievable - can be achieved within a designated time period.

R - Related/Relevant - related in all instances to the land use plan goals
and relevant to current fire management practices.

T - Trackable - objectives must be trackable over time and must include
a definite timeframe for achievement, monitoring, and evaluation.

3. Kinds of Objectives.

a. Land use decisions (goals). These are broad statements, usually
specified in land management plans, that deal with large areas over long
time periods (e.g., 10 years). Land use decisions establish resource
condition objectives; the allowable, limited, or excluded uses for an area
(land use allocations) and the terms and conditions for such use; and
management actions that will be taken to accomplish multiple use goals.

b. Resource management objectives. Resource management
objectives identify the changes in water, soll, air, or vegetation from the
present to proposed conditions. Resource objectives can also describe
an existing resource condition that should be maintained.



c. Treatment objectives. These are very well-defined statements that
describe what a treatment must accomplish in order to meet a stated
resource management objective. This type of objective is site-specific
and must utilize the SMART concept.

Any statement that is an objective must identify the change from
present conditions to the proposed conditions (the changes that are
planned) and the limiting factors.

C. How Objectives Relate to Project Inventory, Development,
Implementation, Monitoring, and Evaluation

Objectives are an important part of management actions and are
prerequisite to sound land and resource management. Objectives not
only drive the planning system, they also drive the full spectrum of
project implementation, monitoring, and evaluation.

During the fire planning process, for example, the planner uses resource
management objectives (standards) as guidance to determine what fire
management responses and activities are necessary. These standards
then provide guidance in determining what and how much information
should be collected prior to and during project implementation. At this
point, knowledge of fire effects becomes a necessary part of the
planning process. Fire effects information helps to determine what will
be done, how many resources are needed, how much funding the fire
program will need, and what should be evaluated to ensure efficient
accomplishment of the workload.

D. Relationships of Different Tiers (Levels) of Planning to
Objectives

Generally, objectives start as issues when the land use planning
process is initiated. (Issues are usually conflicts between two or more
resource uses or demands that must be resolved in the plan.) Issues are
generally defined in terms of the desired state of achievement for
environmental values and socioeconomic conditions affected by
management activities and resource decisions. The next step is
development of alternatives that include a range of ways to resolve the
Issues. After the preferred alternative is selected, local guidance for
resource functions is developed that contains resource management
objectives.



Land use planning systems used by most federal agencies are divided
into five distinct tiers: national, geographically defined management
areas, individual resource functions, and strategic and tactical site
specific implementation (Table I-1). National policy is established in
public laws, federal regulations, Executive Orders, and other
Presidential, Secretarial, and Director approved documents. Policy
guidance for planning is developed, as needed, through interpretation of
national policy, public participation activities, and from coordination and
consultation with other federal agencies.

Table I-1: Relationship of Planning Tiers to Fire Management
Objectives, Products and Fire Effects Applications

Planning Tier Type of Product Fire Effects
Objectives Applications
National Policy and National policies
Regulations and guidance

regarding fire
presence and

exclusion in
wildland
ecosystems
Geographically |Land use Resource Integration of fire
defined decisions Management and resource
management Plan (BLM, NPS) management
area Comprehensive |within a
Conservation geographically
Plan (FWS) defined
Integrated management
Resource area
Management
Plan (BIA) Forest
Land
Management

Plan (FS)




Local guidance
for individual
resource
components

Strategic site
specific
implementation

Tactical site
specific
implementation

Resource
management
objectives

Strategic
program
objectives

Treatment
objectives

Habitat
Management
Plan
Compartment
Plan
Allotment Plan

Fire
Management
Activity Plans
Fire
Management
Plan

Fire
Management
Action Plan
Wilderness Fire
Management
Plan

Prevention Plan
Presuppression
Plan

Escaped Fire
Situation
Analysis
Postfire
Rehabilitation
Plan
Prescribed Fire
Plan

Other

The role of fire in
resource
management
within a specific
administrative
unit.

Identification of
appropriate
allocation of fire
suppression, fire
use and fuels
management
activities
necessary to
achieve
resource
management
objectives

Interpretation
and analysis of
site specific fire
effects to guide
development
and
implementation
of a program of
action to
accomplish
treatment
objectives

Resource management plans developed for geographically defined
management areas establish the combinations of land and resource
uses; related levels of investment, production, and/or protection to be
maintained; and general management practices and constraints for
various public land resources. These are set forth as the terms,
conditions, and decisions that apply to management activities and
operations and are presented in the form of multiple-use prescriptions

and plan elements.

The third planning tier, developed at a local level, provide guidance for




individual resource functions. At this level the role of fire is discussed,
and how fire can be used or is detrimental in achieving the individual
resource objectives.

Site specific stratigic and tactical implementation plans are the final step
in the fire planning process. The primary role of these plans is to identify
operational guidance to accomplish site specific treatment objectives. To
continue with the example of the fire management component, Fire
Management Activity Plans delineate areas to receive different levels of
fire suppression, fire use, and fuels treatment. Resource management
objectives developed at this level are derived directly from land use
decisions. Prescribed fire plans refer to resource management
objectives developed in activity plans and identify treatment objectives.
Resource management objectives referenced in prescribed fire plans
describe second order fire effects, the indirect effects of fire treatment
that occur over the longer term, such as increased plant productivity,
changes in species composition, or increased off-site water yield. Fire
treatment objectives are developed from the resource management
objectives and state exactly what immediate effects the fire must create
in order to achieve the resource objectives. Fire treatment objectives
describe first order fire effects such as plant mortality, fuel reduction, or
duff consumption. An example of a fire treatment objective is: to remove
90 percent of existing sagebrush crown cover, using fireline intensities
that consume sagebrush crowns, leaving residual stems that are six
inches or less in height.

E. Summary

Land management programs are objective driven. Objectives must be
based on an amount of information sufficient to determine if a change
from the present condition to the proposed condition can be achieved.
Establishing objectives is a task of major importance and deserves an
allotment of sufficient attention and time. Both objectives and fire effects
information become more precise as site specificity increases.
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CHAPTER Il - FIRE BEHAVIOR AND CHARACTERISTICS
by Melanie Miller
A. Introduction

Frequently a fire is described as hot or cool, high or low intensity, or flaming or
smoldering. Too often fire behavior and characteristics are not described at all.
Standard terminology exists for describing the behavior, characteristics, and heat
regime of wildland fires. Monitoring and documentation of fire behavior and
characteristics according to these standard terms can increase understanding of
the relationship between the effects created by a specific fire and that fire's heat
regime, and make comparisons among different fires possible.

The behavior of the flaming front of a surface fire can be predicted with fire
behavior technology. Other characteristics of the surface fire, such as duration of
all phases of combustion and penetration of heat into duff and soil layers cannot
be predicted with existing models. The rate of heat release and growth of crown
fires can be estimated. It is important to understand some of the different
properties a wildland fire can have, how they can be described, which can be
predicted, and how the various aspects of a fire's heat regime can be related to
the fire treatment.

This chapter contains a brief overview of principles of fire behavior and
characteristics. More detailed information can be obtained from formal courses in
fire behavior and in courses that are prerequisites for certain prescribed fire
positions. The chemistry and phases of the combustion process are described in
the Air Quality chapter of this Guide, Chapter IV.B.1. The effect of fuel moisture
on fire behavior is described in this chapter, but factors affecting fuel moisture
content and fuel consumption are discussed in Chapter III.B, this Guide.

B. Principles and Processes

1. The Fire Environment. Wildland fire is influenced by three interacting classes
of variables: fuels, topography, and air mass (Countryman 1972).

a. Fuels. Wildland fuels provide the energy source for fire. Fuels consist of both
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living and dead vegetation, the latter in various stages of decay. Fuels occur in
three fairly distinct strata: ground, surface, and aerial. A fire can burn in one, two,
or all three strata at once, or change the layer in which it is burning as fuels and
environmental conditions change throughout an area. Fuels are discussed in
greater detail in Chapter Ill. B.1., this Guide.

(1) Ground fuels. Ground fuels are all combustible materials below the surface
litter layer. These fuels may be partially decomposed, such as forest soil organic
layers (duff), dead moss and lichen layers, punky wood, and deep organic layers
(peat), or may be living plant material, such as tree and shrub roots.

(2) Surface fuels. Surface fuels are those on the surface of the ground,
consisting of leaf and needle litter, dead branch material, downed logs, bark, tree
cones, and low stature living plants.

(3) Aerial fuels. Aerial fuels are the strata that is above the surface fuels and
include all parts of tree and tall shrub crowns. The aerial fuel layer consists of
needles, leaves, twigs, branches, stems, and bark, and living and dead plants that
occur in the crowns such as vines, moss, and lichens.

(4) Ladder fuels. Ladder fuels bridge the gap between surface and aerial fuels.
Fuels such as tall conifer reproduction can carry a fire from the surface fuel layer
into tree crowns.

b. Topography. Topography includes slope, aspect, elevation, and how these
elements are configured. Topography can change suddenly, particularly in
mountainous terrain, and its influence on fire behavior can rapidly change as well.

(1) Direct effect.

(a) Slope is an extremely important factor in fire behavior because the flames of a
fire burning upslope are positioned closer to the fuels ahead of the fire. This dries
and preheats the fuels at a greater rate than if they were on flat terrain.

(b) Topography channels wind and can create turbulence and eddies that affect
fire behavior. Topography also affects diurnal air movement, influencing the
velocity of day time upslope and night time downslope winds.

(2) Indirect effect.

(a) The combined effects of aspect and elevation create different microclimates
that affect vegetation distribution and hence fuel type.

(b) Fuel moisture can vary with aspect, elevation, and vegetation type. This is
discussed further in Chapter 111.B.4, this Handbook.



c. Air mass. Weather components such as temperature, relative humidity,
windspeed and direction, cloud cover, precipitation amount and duration, and
atmospheric stability are all elements of the air mass. These values can change
quickly over time, and significantly with differences in aspect and elevation. The
air mass affects fire both by regulating the moisture content of fuel (discussed in
Chapter 111.B.4.), and by its direct effect on the rate of combustion. The following
is a brief discussion of the effect of air mass factors on fire behavior and
characteristics.

(1) Temperature. Atmospheric temperature affects fuel temperature. The ease of
ignition, the amount of heating required to raise fuel to ignition temperature (320
C.; 608 F.) (Burgan and Rothermel 1984), depends on initial fuel temperature.
The most important effect of temperature, however, is its effect on relative
humidity and hence on dead fuel moisture content. (See Chapter 111.B.4.).

(2) Windspeed. Wind has a significant effect on fire spread. It provides oxygen to
the fuel and, combined with slope, determines which way the fire moves. Wind
tips the flame forward and causes direct flame contact with fuel ahead of the fire
(Burgan and Rothermel 1984). These fuels are preheated and dried by this
increased transfer of radiant and convective heat. Windspeed has the most
influence on fire behavior in fuel types with a lot of fine fuels, such as grasslands.

2. Combustion Process.

a. Two stage process. Within a wildland fire, the processes of pyrolysis and
combustion occur simultaneously (Ryan and McMahon 1976 in Sandberg et al.
1978).

(1) Pyrolysis. When first heated, fuels produce water vapor and mostly
noncombustible gases (Countryman 1976). Further heating initiates pyrolysis, the
process by which heat causes chemical decomposition of fuel materials, yielding
organic vapors and charcoal (ibid.). At about 400F. (204 C)., significant amounts
of combustible gases are generated. Also at this temperature, chemical reactions
start to produce heat, causing pyrolysis to be self-sustaining if heat loss from the
fuel is small. Peak production of combustible products occurs at when the fuels
are about 600 F. (316 C.) (ibid.).

(2) Combustion. Combustion is the process during which combustible gases and
charcoal combine with oxygen and release energy that was stored in the fuel
(Countryman 1976) as heat and light.

b. Phases of combustion. The following summary is derived from Ryan and
McMahon (1976 in Sandberg et al. 1978), except where noted. For a more
complete discussion of the phases of combustion, see Sandberg et al. (1978).

(1) Pre-ignition phase. In this phase, heat from an ignition source or the flaming



front heats adjacent fuel elements. Water evaporates from fuels and the process
of pyrolysis occurs, the heat-induced decomposition of organic compounds in
fuels.

(2) Flaming phase. Combustible gases and vapors resulting from pyrolysis rise
above the fuels and mix with oxygen. Flaming occurs if they are heated to the
ignition point of 800 to 900F. (427 to 482 C.), or if they come into contact with
something hot enough to ignite them, such as flames from the fire front
(Countryman 1976). The heat from the flaming reaction accelerates the rate of
pyrolysis. This causes the release of greater quantities of combustible gases,
which also oxidize, causing increased amounts of flaming (Ryan and McMahon
1976 in Sandberg et al. 1978).

(3) Glowing phase. When a fire reaches the glowing phase, most of the volatile
gases have been driven off. Oxygen comes into direct contact with the surface of
the charred fuel. As the fuel oxidizes, it burns with a characteristic glow. This
process continues until the temperature drops so low that combustion can no
longer occur, or until all combustible materials are gone.

(4) Smoldering phase. Smoldering is a very smoky process occurring after the
active flaming front has passed. Combustible gases are still being released by the
process of pyrolysis, but the rate of release and the temperatures maintained are
not high enough to maintain flaming combustion. Smoldering generally occurs in
fuel beds with fine packed fuels and limited oxygen flow such as duff and punky
wood. An ash layer on these fuel beds and on woody fuels can promote
smoldering by separating the reaction zone from atmospheric oxygen (Hartford
1993).

3. Fire Behavior Prediction. The Fire Behavior Prediction System is a collection
of mathematical models that were primarily developed to predict the behavior of
wildland fires (Rothermel 1983). The models include those used to forecast
behavior, area and perimeter growth of a surface fire; models that estimate spot
fire potential, crowning potential, and crown fire behavior; and fire effects models
that predict tree crown scorch height and tree mortality.

Solutions for most of these models can be obtained from nomograms (Albini
1976) and the BEHAVE system. BEHAVE is a set of programs for use on
personal computers (Andrews 1986; Andrews and Chase 1989; Burgan and
Rothermel 1984). More information about the BEHAVE system is contained in
Chapter XII.C.1, this Guide.

4. Fire Spread Model. A fire spread model was developed by Rothermel in 1972
that allows managers trained in the use of the model to make quantitative
estimates of fire behavior. The model is a mathematical representation of fire
behavior in uniform wildland fuels. The fire spread model describes the processes
that control the combustion rate: moisture evaporation, heat transfer into the fuel,



and combustible gas evolution (Rothermel 1972).

a. Assumptions. Basic assumptions of the fire spread model are (Rothermel
1983):

(1) The fire is burning in a steady state in homogeneous surface fuels, not in
crown or ground fuels.

(2) The percent slope and aspect are uniform.
(3) The wind is constant in both velocity and direction.

(4) The model describes fire behavior within the flaming front. The model does not
describe behavior after the fire front has passed, such as during fuel burnout.

(5) The behavior of the fire is no longer influenced by the source of ignition or by
suppression activities.

These assumptions are often violated when prescribed burning because ignition
is often used to manipulate the fire. A common objective for burning is to
consume fine fuels before the fire reaches a steady state. The predicted values
do provide an estimate of fire behavior if a prescribed fire escapes.

b. Inputs to the Fire Spread Model. Required inputs to the fire spread model
include fuel model, fuel moisture content, slope, and wind.

(1) Fuel model. A fuel model is a mathematical representation of the amount and
kind of fuels present. The Fire Behavior Prediction System provides 13 standard
fuel models that describe the characteristics of the portions of the fuel complex
carrying the fire. Custom fuel models more closely describing a specific fuel
situation also can be developed using the BEHAVE program (Burgan and
Rothermel 1984). (See XIlI. C.1.a., this Guide.)

(a) Categories. In most situations, the flaming front of a fire advances through
fine fuels such as grass, shrub foliage, litter, and small diameter down dead
woody fuels. Wildland fuels can be grouped into four categories, according to the
nature of the carrier fuels.

i. Grass or grass dominated: the primary carrier of the fire is grass.

ii. Shrub dominated: the primary carrier of the fire is either shrubs or litter beneath
shrubs.

iii. Timber litter dominated: the primary carrier of the fire is litter beneath a timber
(tree) stand.



iv. Logging slash: the primary carrier of the fire is residual material left from
logging operations.

(b) Fuel properties. Fuel particles within a fuel complex have physical properties
that influence the way they burn. The 13 standard fire behavior fuel models have
specified physical properties (Anderson 1982). Properties can be changed to
create a custom fuel model that may better describe a particular fuel complex.
(See XII.C.1.a., this Guide.) Fuel properties that are the most important for

determining the way a fire will behave include the following.

i. Fuel loading. The amount of live and dead fuel is expressed in weight per unit
area. Loadings are grouped by particle size class and are usually expressed in
tons per acre (kilograms per square meter). Total fuel is all plant material both
living and dead present on a site. Available fuel is the amount of fuel that will burn
under a specific set of fire conditions.

ii. Fuel size class. Dead fuels are divided into size classes based on diameter:
less than 1/4-inch, 1/4 to 1-inch, 1 to 3 inches, and greater than 3 inches. (Metric
equivalents of these size classes are: less than 0.6 centimeters, 0.6 to 2.5
centimeters, 2.5 to 7.6 centimeters, and greater than 7.6 centimeters.) Fuel size
class is related to the rate at which particles wet and dry. This is discussed further
in Chapter I11.B.4., this Guide.

iii. Size class distribution. Fires usually start and spread in fine fuels, that is, those
less than 1/4 inch in diameter. These fuels ignite increasingly larger size classes
of fuels. If fine fuels or an intermediate size class are missing, a fire may not ignite
or may not spread.

iv. Surface area to volume ratio. The surface area to volume ratio is a function of
the particle size: the more finely divided the fuel material, the larger the ratio.
Because small fuel particles have a large surface area compared to their volume,
they dry out and ignite more rapidly than larger particles. Therefore, fine fuels
usually have the most influence on fire behavior.

v. Fuel bed depth. Fuel bed depth is the depth of the surface fuel layer, i.e., the
average height of surface fuels contained in the combustion zone of a spreading
fire front.

vi. Packing ratio. The packing ratio is a measure of the compactness of the fuel
bed. Expressed as a percentage, the packing ratio is the percentage of the fuel
bed that is composed of fuel, the remainder being air space between the
individual fuel particles (Burgan and Rothermel 1984). A fuel bed with no fuel has
a packing ratio of zero, while a solid block of wood has a packing ratio of one
(ibid.). A very open or porous fuel bed burns slowly because individual fuel
particles are located so far apart that little heat is transferred among particles. A
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very compact fuel bed also burns slowly because airflow among the fuel particles
is impeded, and there are large numbers of fuel particles that must be heated to
ignition temperature. For every size of fuel particle, there is an optimum packing
ratio at which heat transfer and oxygen produce the most efficient combustion

(Burgan and Rothermel 1984). Compactness also influences the drying rate of
fuel.

Packing ratio - percentage of the fuel bed volume
that 1s composed of fuel.

Low Packing Ratio Higher Packing Ratio

Expressed as: ratio between 0 and 1.0.

vii. Bulk density. Bulk density is the actual fuel weight per unit. It is calculated by
dividing the weight per unit area by the fuel bed depth. It is a measure of the oven
dry weight of fuel per cubic foot of the fuel bed, usually expressed as pounds per
cubic foot. The higher the bulk density of the fuel, the slower the spread rate,

because more fuel must be preheated to ignition temperature in order for the fire
to spread.



The actual weight of the fuel within a volume of a
fuel bed.

Expressed as: pounds per cubic foot (Ibs./ft3), or
grams per cubic centimeter (g/cm3).

viii. Fuel continuity. Fuel continuity is a description of the distribution of fuels. Fire
spread is most likely in continuously distributed fuels. The greater the fuel
discontinuity, the higher the fireline intensity required for fire spread. Fuel
continuity is described in terms of both horizontal and vertical continuity.
Horizontal continuity relates to the horizontal distances between fuel particles and
relates to percent cover. The proximity of tree or shrub crowns affects the ease
with which fire can spread in a live fuel strata. Vertical continuity describes the
proximity of surface fuels to aerial fuels and affects the likelihood that a fire can
move into the vegetative canopy.

iX. Heat content. The most important aspect of fuel chemistry influencing fire
behavior is heat content. This value expresses the net amount of heat that would
be given off if the material burns completely (or at 100 percent efficiency), rated
as Btu per pound of fuel. The heat content for all species of dead woody fuel is
essentially the same (Albini 1976). The presence of pitch in wood, and of volatile
compounds such as oils and waxes in some live fuels, increases heat content,
and thus flammability.

X. Live fuels. Some fuel types contain a significant component of live fuels in the
surface fuel layer, including shrubs, grasses, and forbs. The importance of live
fuels to fire behavior can change throughout the year. Their volume can increase
significantly during greenup and the early part of the growing season. They can
lose their foliage at the end of the growing season or during a drought. Seasonal
fluctuations in moisture content occur that significantly affect flammability. The
moisture cycles within live fuels are discussed in more detail in Chapter I11.B.5.,
this Guide.

While technically live fuels, mosses and lichens do not have physiologically



controlled seasonal moisture cycles. Their moisture content is very sensitive to
changes in temperature and relative humidity and can become as low as that of
surface litter layers. A dry surface layer of mosses and lichens can readily carry a
fire in black spruce forests in Alaska (Dyrness and Norum 1983).

The volatile compounds in some species of live fuels allow them to burn at a
higher moisture content than if there are few or no volatiles (Norum 1992).
Sagebrush (Artemisia spp.) is considered to be a moderately volatile fuel, while
chaparral shrubs, conifers, and dead juniper are highly volatile fuels (Wright and
Bailey 1982).

Fire behavior in stands of shrubs containing volatile compounds can be extreme.
This is attributed not only to their chemical content, but also to the high
percentage of dead material that some of these stands of shrubs contain, and the
ideal mixture of fuel to air within the shrub canopy (Burgan 1993).

(2) Fuel moisture. Fuel moisture content describes how wet or dry the fuels are.
Moisture content is the single most important factor that determines how much of
the total fuel is available for burning, and ultimately, how much is consumed. Fuel
moisture determines if certain fuels will burn, how quickly and completely they will
burn, and what phases of combustion the fuels will support. Fuels with a higher
moisture content reduce the rate of energy release of a fire because moisture
absorbs heat released during combustion, making less heat available to preheat
fuel particles to ignition temperature (Burgan and Rothermel 1984). Ignition will
not occur if the heat required to evaporate the moisture in the fuels is more than
the amount available in the firebrand (Simard 1968). Environmental factors
regulating dead fuel moisture content, and the relationship between fuel moisture
content and fuel consumption, are discussed in I11.B.4., this Guide.

(a) Fuel moisture formula. Fuel moisture content is the percent of the fuel
weight represented by water, based on the dry weight of the fuel. In a word
equation, itis:

Percent Moisture Content = Weight of Water / Oven-dry Weight
of Fuel x 100

Moisture content can be greater than 100 percent because the water in a fuel
particle may weigh considerably more than the dry fuel itself. For example, a
green leaf may contain three times as much water as there is dry material,
leading to a moisture content of 300 percent. Moisture content of duff and organic
soil can be over 100 percent. Methods to measure and calculate fuel moisture
content are described in Chapter I11.D., this Guide.

(b) Moisture of extinction. The extinction moisture content is the level of fuel
moisture at which a fire will not spread. It is a function of the fuel type and fuel
bed geometry (Byram et al. 1966 in Albini 1976). The moisture of extinction is



much lower for light, airy fuels such as fine grass, about 12 to 15 percent
(Sneeuwjagt 1974 in Albini 1976), than it is for dense fuel beds such as pine
needles, in which it has been measured at 25 to 30 percent (Rothermel and
Anderson 1966 in Albini 1976). Under favorable burning conditions, the moisture
of extinction has little effect on fire behavior, but when "conditions for burning are
poor, it can cause significant changes in predicted fire behavior" (Rothermel
1983).

(3) Slope. The steepness of slope is measured as the rise of the ground in feet
for every horizontal foot traversed, commonly referred to as "rise over run."

Percent Slope = Rise / Run x 100

Percent slope can be measured directly with instruments or calculated from
topographic maps.

(4) Wind. Both windspeed and direction are used as inputs to the Fire Behavior
Prediction System.

(a) Midflame windspeed. The speed of the wind is measured at the midpoint of
the height of the flames because this best represents the wind that blows directly
on the fire. Most weather forecasts, and most weather measurement stations,
give the windspeed at 20 feet (6 meters) above the ground or above local
obstructions. For fire behavior calculations, the 20-foot windspeed is reduced to
the speed occurring at the midflame height. This compensates for the friction
effect of vegetation and land surface that slows the speed of the wind. The
adjustment factor varies with vegetation type, amount of canopy closure, and
position on slope.

20 Foot Windspeed x Wind Adjustment Factor = Midflame
Windspeed

(b) Effective windspeed. As an intermediate step in obtaining solutions to the
fire spread model, effective windspeed is determined. This value integrates the
additive effects of slope steepness with a wind that is moving across or up a
slope.

c. Outputs of the Fire Spread Model. The accuracy of predictions depends on
how representative the fuel model chosen is of the fuels on the site, how
accurately inputs are measured or estimated, and to what degree the situation
meets the spread model assumptions. For predictions to be within a factor of two
of actual fire behavior (from one-half to two times) is considered to be an
acceptably accurate estimate (Norum 1993). The model is flexible enough that an
experienced practitioner can make fairly good projections of fire behavior by
carefully estimating or measuring the input values and tempering the results with
judgment. Personal experience in a particular fuel type is necessary for refining



output from this model.

(1) Forward rate of spread. One of the most important measures of fire behavior
is the speed at which the fire moves across the landscape. The spread model
calculates the rate of spread at the head of fire when the fire reaches its full,
steady state speed. It predicts the speed of a fire burning in surface fuels,
spreading on a single, unified front, that is not influenced by other ignitions. Rate
of spread is generally stated in chains per hour, feet per minute, or meters per
minute.

(2) Flame length. A second spread model output is the length of the flames when
the fire has reached its full, forward rate of spread. Flame length is the distance
along the slant of the flame from the midpoint of its base to its tip Flame height is
the perpendicular distance from the ground to the flame tip and is not predicted by
the fire spread model.

The average length of flame, measured along the slant of
the flame from the midpoint of its base to its tip.

Flame
Length

Flame
Height

(3) Fireline intensity. Fireline intensity describes the nature of a fire in terms of
its rate of energy release. Fireline intensity is the amount of heat given off by a
fire along each foot of the leading edge of the fire each second, usually expressed
as Btu per lineal foot of fireline per second.



Rate of heat release in each lineal foot of the
flaming front of a fire.
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(4) Heat per unit area. Another measure of the energy released from a fire is
heat per unit area. It is the total amount of heat released in each square foot of
the flaming fire front, usually expressed as Btu per square foot. All of the heat
given off in the flaming front is included in this value, regardless of the length of
time that the flaming front persists. For a given area with a specific amount and
distribution of fuel, heat per unit area is inversely related to fuel moisture content.
Heat released in flaming combustion that occurs as fuels burn out after the
flaming front has passed is not included in the heat per unit area value.

Rate of heat release in each square foot of the
flaming front of a fire.
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(5) Reaction intensity. Reaction intensity is a rate of heat release per unit area
of flaming fuels, usually expressed in Btu per square foot per minute. This is the
amount of energy released each minute by a square foot of flaming front,
compared to heat per unit area which measures the total amount of energy given
off per square foot. For a given fuel complex, reaction intensity can vary



significantly with differences in moisture content.
Rate of heat release in each square foot of the

flaming front of a fire.
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d. Other predictable aspects of fire behavior.

(1) Probability of ignition. The probability of ignition, expressed as a
percentage, is an estimate of the probability that a spark or firebrand landing on
representative fuels will start a fire (Rothermel 1983). It is based on the amount of
heat required to bring fine fuel to ignition temperature. Model inputs are fine fuel
moisture, ambient air temperature, and the amount of shade.

(2) Maximum spotting distance. For many fuels situations, it is possible to make
reasonably accurate estimates of the maximum distance to which fire may spot
ahead by airborne embers (Rothermel 1983). The inputs required include the
source of the embers, i.e. whether it is burning piles or trees; the species of tree,
and their size and shape; the topography at and downwind from the fire; and the
20 foot windspeed. The model calculates the farthest distance a live ember is
likely to be carried. It does not estimate how many burning embers will be lofted,
or if the ember will ignite a spot fire. However, a combination of maximum spotting
distance with the probability of ignition provides a workable idea of how far a fire
may spot and the probability that it will cause a new fire.

(3) Crown fires.

(a) Classes. Van Wagner (1977) grouped crown fires into three classes based
upon their dependence on the behavior of the surface fire.

i. Passive crown fires are those in which trees torch as individuals, ignited by the
surface fire. These fires spread at essentially the same rate as surface fires.
Trees torch within a few seconds with the entire crown enveloped in flames from
its base to the top.



ii. Active crown fires are those in which a solid flame develops in the crowns. The
surface and crown fires advance as a single unit dependent upon each other.

iii. Independent crown fires advance in the crowns alone, independently of the
behavior of the surface fire.

(b) Crowning potential. The conditions necessary to cause the ignition of the
crowns of trees or tall shrubs can be estimated. A probability of crown fires can be
calculated, given the foliar moisture content and the height of the lowest part of
the crowns. From these, an estimate can be derived of the fireline intensity
needed to ignite the crowns (Rothermel 1983).

(c) Wind-driven vs. plume-dominated crown fires. The following discussion is
taken from Rothermel (1991).

I. Wind-driven crown fire. A running crown fire can develop when winds blow
flames from torching trees into adjacent tree crowns, or slope effectively
accomplishes the same thing. Strong winds are the major force pushing the fire,
and its spread rate can be greatly accelerated by slope. A strong convection
column rapidly develops that is tipped over by the wind.

ii. Plume-dominated crown fire. A plume-dominated crown fire behaves quite
differently from one driven by wind. Plume-dominated crown fires occur when
windspeeds are fairly low. A strong convection column develops that rises above
the fire, rather than leaning over before the wind. Air movement within the
convection column generates the winds that cause significant rates of crown fire
spread.

(d) Predicting size and intensity of crown fires. Rothermel (1991) presents
methods for estimating and displaying the important elements of the behavior of a
wind-driven crown fire. The model is applicable to coniferous forests of the
northern Rocky Mountains, or forests with similar structure and fuels. Using these
methods, an experienced fire behavior analyst can predict the rate of spread of a
wind-driven crown fire, the length of flames, the time period when a particular
crown fire will run, the probable area and perimeter of the crown fire, and the
maximum rate of crown fire spread.

A method for calculating and comparing the power of a fire with the power of the
wind is provided. The power of the fire is the heat energy released by combustion
that drives the convection column, expressed as foot pounds per second per
square foot. If the power generated by the fire is close to or exceeds that of the
wind, a plume-dominated crown fire may develop. The onset of a plume-
dominated fire may cause a sudden acceleration of the fire and faster spread
rates than predicted. The model can thus predict the potential for onset of a
plume-dominated fire, but not its behavior.



5. Relationships between Fire Behavior and Fire Effects. Few fire effects are

known to be directly related to the behavior of the surface fire, that is to its spread
rate, flame length, or rate of heat release. The following effects can be estimated

from outputs of the Fire Behavior Prediction System.

a. Crown scorch height. There is a direct relationship between crown scorch
height and flame length, ambient air temperature, and wind. All of these variables
are used to measure the height above the surface of the ground that lethal
temperatures occur. The height of tree crown scorch can be predicted from these
values, using a model (SCORCH) in the Fire Behavior Prediction System. (See
XII.D.1.a, this Guide.)

b. Tree mortality. A model (MORTALITY) estimates the percentage of tree
mortality from scorch height, tree height, tree diameter, and crown ratio for eight
species of conifers that occur in the northern Rocky Mountains. (See Xl11.D.1.b,

this Guide.)

c. Total heat pulse to the site. Heat per unit area is a good estimate of the total
heat pulse to the site when all of the fuel that is burned is consumed by the
passing flame front. However, because this value does not account for long-term
burnout of heavy fuels or organic soil layers, heat per unit area is not a very good
estimate of the heat regime of the fire when much of the fuel, litter, or duff
consumption occurs after the flaming front has passed.

6. Aspects of a Fire's Heat Regime that Cannot Presently Be Predicted.
Many aspects of the heat regime of a fire cannot presently be predicted with any
known model. Many of the most important and influential effects of fire on a site
and its biological components are related to aspects of the heat regime of a fire
that are not described by the Fire Behavior Prediction System.

Fireline intensity, as described in 11.B.3.b.(3), is a rate of heat release that is
related to flame length. However, the release of energy in flames has little
relationship to the amount of subsurface heating (Hungerford 1989). Peak
subsurface temperatures and the amount and duration of soil heating are not
related to any value predicted by the Fire Behavior Prediction System. The effects
of fire on fuels, soils, watershed, understory vegetation, and wildlife habitat cannot
be estimated from measures of fireline intensity or flame length alone.

a. Fuel burnout time. This is the length of time that fuels continue to burn after
the flaming front has passed, including all phases of combustion. The length of
the fuel burnout period is related to fuel properties and fuel moisture but cannot
be estimated by any known method.

b. Duration of smoldering and glowing combustion. Smoldering and glowing
combustion are related to the amount of fuel, its size class distribution, thickness



of duff and organic layers, and the moisture content of heavier fuels and duff. We
cannot presently predict the duration of time during which these combustion
phases will occur.

c. Total heat pulse to the site. Total heat pulse considers not only the heat
released in flames but also that released by smoldering and glowing combustion.
Heat per unit area only includes the amount of heat that is released in the flaming
front. Extensive studies in physics modelling is currently underway at the
Intermountain Fire Sciences Lab which may provide means to calculate the total
heat pulse to the site.

d. Soil heating. Most heat produced by the flaming front moves upward.
Downward movement of heat from flames cannot presently be predicted, but it is
not believed to be a significant source of subsurface heat. Most soil heating
results from long term fuel, duff, and organic layer burnout. Neither this heat, nor
its penetration into soil layers, has been modelled.

e. Burn severity. Burn severity is a term that qualitatively describes classes of
surface fuel and duff consumption. Large diameter down, dead woody fuels and
organic soil horizons are consumed during long-term, smoldering and glowing
combustion. The amount of duff or organic layer reduction is also called depth of
burn, or ground char (Ryan and Noste 1985). Because the amount and duration
of subsurface heating can be inferred from burn severity, this variable can be
related to fire effects on plants and soils. Factors regulating fuel and duff
consumption, and thus burn severity, are discussed in Chapter I11.B.2. and 3. The
relationship between burn severity and its effects on plants is described in
Chapter VI.B.1.c. and VI.B.2.c.

(1) Descriptive classes. An example of a set of burn severity classes is given
below. Agency specific guidelines for assessing burn severity are described in
USDI-NPS (1992).

(a) Unburned.

(b) Scorched. Foliage is yellow; litter and surface vegetation are barely burned or
singed.

(c) Low severity. Small diameter woody debris is consumed; some small twigs
may remain. Leaf litter may be charred or consumed, and the surface of the duff
may be charred. Original forms of surface materials, such as needle litter or
lichens may be visible; essentially no soil heating occurs.

(d) Moderate severity. Foliage, twigs, and the litter layer are consumed. The duff
layer, rotten wood, and larger diameter woody debris is partially consumed; logs
may be deeply charred; shallow ash layer and burned roots and rhizomes are
present. Some heating of mineral soil may occur if the soil organic layer was thin.



(e) High severity. Deep ash layer is present; all or most organic matter is
removed; essentially all plant parts in the duff layer are consumed. Soil heating
may be significant where large diameter fuels or duff layers were consumed. The
top layer of mineral soil may be changed in color; the layer below may be
blackened from charring of organic matter in the soil.

(2) Relationship between fireline intensity and burn severity. There can be
many combinations of fireline intensity and burn severity on any site, depending
on fuel loading and distribution, and site weather and moisture conditions at the
time of the fire. For example, given a site with good, continuous surface fuels, and
a deep litter/organic layer, any of the following combinations of fireline intensity
and burn severity can occur (as well as a lot of intermediate combinations).

(a) High fireline intensity/high burn severity. Both the carrier fuels and organic
layer are dry. The result is a fire with high fireline intensity that exhibits vigorous
fire behavior, that is also a deep burning, high severity fire. Flames are long, large
fuels are removed, soil organic layers are consumed, and the long duration fire
causes a significant amount of subsurface heating.

(b) High fireline intensity/low burn severity. The carrier fuels are dry, but the
litter/duff layer is wet. The result is a fire with high fireline intensity, that exhibits
vigorous fire behavior, but which is a very low severity fire because the organic
layer is too wet to burn. Flames are long but little subsurface heating occurs.

(c) Low fireline intensity/high burn severity. The carrier fuels and surface litter are
moist, and litter/duff layers are dry. The result is a fire of low fireline intensity that
may barely cover the area, but of high burn severity wherever the litter/duff layer
ignites because it is dry enough to burn. Even though the surface fire was of little
apparent consequence, a significant amount of soil heating can occur, caused by
the consumption of dry duff layers, peat, and/or large diameter downed woody
fuels.

(d) Low fireline intensity/low burn severity. The carrier fuels are moist and the
litter/duff layer is wet. The result is a fire with low fireline intensity that also has
low severity.

(3) Application to shrub dominated communities. Burn severity concepts can
also apply to litter and duff layers beneath isolated trees and shrubs.

(1) Low severity fire may just scorch the litter beneath the shrub or tree crown.

(2) A moderate severity fire may consume some basal litter and organic matter,
but residual material remains. Some heating of deeper organic layers and soil
may occur.



(3) A high severity fire removes all litter and duff, leaving only an ash layer.
Significant amounts of soil heating can only occur where there is a high degree of
consumption of thick, basal organic layers. Isolated patches of severely burned
ground may occur where shrubs used to be, surrounded by extensive areas
where little soil heating occurred.

f. Burn pattern. The pattern of a fire is the mosaic of burned and unburned
vegetation and fuels. It can be further defined in terms of the degree of heating
and consumption of fuels and vegetation, such as scorched compared to severely
burned areas. A pattern can occur in the tree canopy, shrub canopy, in surface
fuels, or in litter, duff, and organic layers. The size of the mosaic can vary from
acres of scorched, consumed, and unburned patches in the canopy, to mosaic
patterns of burned and unburned fuels and litter layers of only a few feet, or even
inches. The effects of fire are closely related to the pattern of the fire, both on a
large and small scale. Fire effects vary considerably with burn pattern because it
reflects the variation in the fire's heat regime, above, at, and below the surface.

Significant variations in burn pattern are the result of differences in fuel continuity,
fuel loading, fuel moisture, aspect, wind, and ignition methods and techniques.
Whether a fire will become a surface or crown fire, and its effects on fuel
consumption and soil heating, can be estimated by a person skilled in fire
behavior or prescribed fire. However, there are presently no computational tools
with which to predict the exact burn pattern that will occur.

C. Resource Management Considerations

1. Levels of Fireline Intensity. Different levels of fireline intensity, along with
corresponding flame lengths, have special meaning both for the design of
prescriptions for prescribed fire, and in wildfire management activities. From
widely held and commonly agreed upon experience, the following are reliable
rules (Rothermel 1983).

a. When fireline intensity is below 100 Btu per foot of fireline per second, flame
lengths are less than 4 feet (1.2 meters).

(1) Fires can generally be attacked at the head or flanks of the fire by persons
using hand tools.

(2) Handlines should be adequate to hold the fire.

b. Fireline intensity 100 to 500 Btu per foot of fireline per second; flame lengths
are between 4 and 8 feet (1.2 to 2.4 meters).

(1) Fires are too intense for direct attack at the head of the fire by persons using
hand tools.



(2) Handline cannot be relied upon to hold the fire.

(3) Equipment such as bulldozers, pumpers, and retardant aircraft may still be
effective.

(4) Fires are potentially dangerous to personnel and equipment.

c. Fireline intensity 500 to 1,000 Btu per foot of fireline per second; flame lengths
are between 8 and 11 feet (2.4 to 3.4 meters).

(1) Fires may present serious control problems, such as torching out, crowning,
and spotting ahead.

(2) Control efforts at the head of the fire probably will be ineffective. Indirect attack
is probably the only means of suppression.

(3) Fires are definitely dangerous to personnel and equipment.

d. Fireline intensity above 1,000 Btu per foot of fireline per second; flame lengths
are greater than 11 feet (3.4 meters).

(1) Crowning, spotting, and major fire runs are probable.

(2) Control efforts at the head of the fire are ineffective by any known means of
suppression. Indirect attack and tactical counterfiring may be the only means to
slow the spread of the fire in certain directions.

(3) Fires are extremely dangerous to personnel and equipment in the immediate
vicinity of the fire.

These values have obvious implications for holding actions on prescribed fires
and suppression actions on wildfires. If only hand crews are available to hold a
prescribed fire, and handlines are the only lines of control, then prescription
variables (inputs to the spread model) should be set so that surface fires do not
exceed 100 Btu per second per foot, nor flame lengths exceed 4 feet (1.2
meters).

2. Relationship between Moisture Content of Big Sagebrush and Fire
Behavior. In vegetation types dominated by shrubs, moisture content of foliage
can be a dominant factor in the behavior of wildland fires. Within a given
geographical area, it is possible to determine threshold levels of foliar moisture
content that relate to degrees of fire behavior activity and difficulty of control. In
order to obtain such a database, foliar moisture content levels must be
documented in areas where fires are occurring and fire behavior observations
must be recorded. Sampling at established intervals over a period of several



years and relating moisture levels to easily identifiable growth stages of the plants
would provide the most useful information.

Threshold levels of moisture that relate to fire behavior in sagebrush have been
determined for Nevada and eastern Oregon.

a. Nevada. When Greg Zschaechner worked for the Bureau of Land Management
in Nevada on the Great Basin Live Fuel Moisture Project, he established
guidelines that relate the moisture content of big sagebrush (Artemisia tridentata)
to fire behavior and effective suppression tactics. Suppression tactics are
included in the following descriptions because they provide additional description
of the behavior of the fire. These levels are most accurate within Nevada but may
serve as general guidelines elsewhere.

(1) 181 percent and above. Fires will exhibit VERY LOW FIRE BEHAVIOR with
difficulty in continued burning. Residual fine fuels from the previous year may
carry the fire. Foliage will remain on the stems following a burn. Fires can
generally be attacked at head or flanks by persons using handtools. Handlines
should hold the fire without any problems. Fires will normally go out when the
wind dies down.

(2) 151 percent to 180 percent. Fires will exhibit LOW FIRE BEHAVIOR with fire
beginning to be carried in the live fuels. Both foliage and stem material up to 1/4
inch (0.6 centimeters) in diameter will be consumed by the fire. Burns will be
generally patchy with many unburned islands. Engines may be necessary to
catch fires at the head. Handline will be more difficult to construct but should hold
at the head and flanks of the fire.

(3) 126 percent to 150 percent. Fires will exhibit MODERATE FIRE BEHAVIOR
with a fast continuous rate of spread that will consume stem material up to 2
inches (5.1 centimeters) in diameter. These fires may be attacked at the head
with engines but may require support of dozers and retardant aircraft. Handline
will become ineffective at the fire head but should still hold the flanks. Under high
winds and low humidities, indirect line should be given consideration.

(4) 101 percent to 125 percent. Fires will exhibit HIGH FIRE BEHAVIOR leaving
no material unburned. Head attack with engines and dozers will be nearly
impossible on large fires, but may still be possible on smaller, developing fires.
Flanking attack by engines and indirect attack ahead of the fire must be used.
Spotting should be anticipated. Fires will begin to burn through the night, calming
down several hours before sunrise.

(5) 75 percent to 100 percent. Fires will exhibit EXTREME FIRE BEHAVIOR.
Extreme spread rates and moderate to long range spotting will occur. Engines
and dozers may be best used to back up firing operations and to protect
structures. Indirect attack must be used to control these fires. Fires will burn



actively through the night.

(6) 74 percent and below. Fires will have ADVANCED FIRE BEHAVIOR with
high potential to control their environment. Large acreage will be consumed in
very short time periods. Backfiring from indirect line such as roads must be
considered. Aircraft will need to be cautious of hazardous turbulence around the
fire.

b. Eastern Oregon. Fire behavior and its relationship to moisture content in
sagebrush has been monitored on Oregon rangelands east of the Cascades
(Clark 1989). The following moisture levels indicate how readily a fire can
propagate, given that adequate fine fuels are present between sagebrush plants
to carry the fire, or that sagebrush density is high enough for flames to reach
between plants where herbaceous fuels are sparse.

(1) Above 90 percent. Fire behavior is docile. The fire may or may not spread
and is easy to control.

(2) 60 to 90 percent. Fire is much more difficult to control. Fire is likely to burn
actively throughout the night, especially if wind is present.

(3) Less than 60 percent. The fire displays extreme fire behavior and rates of
spread, and is essentially uncontrollable by normal suppression methods.

3. Effect of Fuel Type Changes on Fire Behavior. The dominating factor
regulating fire behavior is wind in some fuel types and moisture content in others.
The behavior of fires in fuel types with a large component of fine materials, such
as the grass models, is most influenced by wind. Fuel moisture is much more
important than wind in regulating the activity of fires in fuel types with a lot of
larger diameter, dead woody fuels. Wind, while influential, is not so dramatically
important in heavy fuels as it is in grass or shrub type fuels.

Fire behavior can drastically change when a fire moves into a different fuel type. If
a fire moves from an area of logging residue to one dominated by cured grassy
fuels, flame length and fireline intensity will probably decrease, but the rate of
spread is likely to increase significantly. An optimal prescription for burning the
logged unit to reduce hazard fuels would include low moisture content in smaller
size classes of fuels and low windspeeds. Under these conditions, the desired
amount of consumption in the harvested area would be achieved, and any escape
into the grass fuels outside of the unit could easily be caught.

4. Effect of Long-Term Drying on Heat Release. Long periods of limited
precipitation result in deep drying of the surface organic layers. Deeper drying of
the entire fuel complex leads to an increase in fire behavior because of greater
involvement of larger fuels and surface organic fuels in the fire front. Because
more fuels burn in the initial stages of flaming combustion, fireline intensities and



flame lengths can be greater. More heat can also be generated during smoldering
and glowing phases of combustion, as deeper organic layers may burn. Fire
effects may be much more notable than if the site had burned under less droughty
conditions.

5. Burn Pattern. When igniting a prescribed fire, the pattern of burn that is being
obtained should be noted throughout the ignition period. If the desired mosaic is
not being obtained, alteration of ignition pattern may change the percent of the
prescribed fire area that is actually being covered by fire.

6. Firewhirls. Firewhirls are tight, spinning vortices filled with flame and hot gas
that have the appearance of a small tornado of fire. They can cause severe
difficulty in controlling a wildfire or prescribed fire by spreading pieces of flaming
material great distances beyond the project area.

When igniting a prescribed fire using strip headfires, it is important to let one strip
of fire burn down in intensity before igniting the next strip. This avoids
concentrated mutual convection, competition for incoming air, and a high
probability of initiating firewhirls at the ends of the strips. Also, by skillfully
designing the ignition pattern and sequence, the risk of firewhirls developing on
lee slopes, and where two fires merge, can be minimized.

D. Methods to Monitor Fire Behavior and Characteristics

Fire prescriptions contain elements that define ranges of acceptable weather and
moisture conditions that produce the desired fire behavior and characteristics.
Monitoring for a prescribed fire can include monitoring of weather and fuel
moisture before the fire to determine the daily weather patterns in a particular
area and to determine how close moisture conditions are to the prescribed range.
Some factors vary diurnally, such as temperature, relative humidity, and the
associated moisture content of small diameter fuels. Other prescription elements,
such as moisture content of soil organic layers or live fuel moisture content,
decrease slowly, and weekly monitoring is often adequate to detect change.

It is important to monitor all elements of the prescription during a fire to determine
that the fire remains within prescription, that the fire behavior predictions were
adequate, and to correlate with the subsequent effects of the fire treatment.
Whenever possible, information on fuel moisture, fire behavior, and fire
characteristics should be obtained in the same location(s) as fire effects data
collection occurs. In order to most effectively monitor rates of fire spread, flame
length, and burn severity, some equipment may need to be installed before a fire.

If site characteristics vary on the burned area, specific site attributes should be
documented as observations about fire behavior are made. Fuel type, vegetation
type, slope, and aspect should be recorded, as well as a notation about the
location where the observation is made. Whether the fire is a heading, backing, or



flanking fire should be noted at the same time as observations are made.
1. Burning Conditions.

a. Fuel moisture. Fuel moisture is a critical determinant of fire behavior and
characteristics. Techniques to monitor fuel moisture are described in Chapter
[11.D.4, this Guide.

b. Weather. An important part of monitoring fire behavior and characteristics is to
have a good record of weather that occurred during the time that a fire occurs. A
standard set of weather observations should be taken at regular intervals during
the fire: temperature, relative humidity, windspeed and direction, clouds or other
indicators of instability, and the presence of thunderstorms. Standard procedures
for monitoring weather are detailed in Finklin and Fischer (1990). Agency specific
guidance on weather data collection is available in USDI-NPS (1992).

2. Fire Behavior and Characteristics. Agency specific guidelines for monitoring
fire behavior and characteristics are described for forests and for grassland and
brush types in USDI-NPS (1992). The following description provides additional
methods.

a. Rate of spread. Observations of rate of fire spread should only be taken after
the fire has reached a steady state, because this is what the fire behavior system
predicts. Rate of spread measurements are difficult to document on prescribed
fires with center or perimeter firing patterns, or narrow strip headfires. In these
situations the fire often has not reached a steady state, or its behavior is
influenced by the ignitions that have occurred in adjacent areas. Whether the fire
is heading, backing, or flanking at the point of observation should be noted. The
following discussion is taken largely from Zimmerman (1988).

(1) Visual observation. Visual observation and pacing of distances can be used
to take rate of spread measurements, particularly on a slowly moving fire. A
stopwatch is used to determine how long it takes a fire to cover a specific
distance. Rate of spread is calculated from the time/distance relationship.

(2) Metal tags. Numbered metal tags can be thrown at or near the flaming front.
A stopwatch is started when the front crosses a tag and a second tag is thrown
ahead of the fire. When the flaming front crosses the second tag, the stopwatch
records the elapsed time. The distance between the two tags is measured by
pacing or steel tape, and the spread rate calculated.

(3) Grid marking system. When high spread rates are expected, and/or when it
Is not safe to be immediately adjacent to the fire, fire behavior can be measured
using a grid system installed before the fire. Spacing of markers should be related
to the expected rate of forward spread of the fire. Reference point markers can
consist of materials such as flagging tape tied to branches or poles painted with



bright paint. Times are recorded with a stopwatch or wrist watch as the fire burns
past each marker, and rate of spread is determined.

(4) Sketch map. Sketch maps of the fire perimeter can be made at different times
during the period of fire growth, a useful technique if reference points are plentiful
or the fire will cover a large area. This method requires a good vantage point or
the use of an aircraft. Rate of spread can later be calculated by dividing the
distances between different landmarks by the time periods it took to cover these
distances.

(5) Photography. Pictures of the fire can be taken at specific intervals and time
noted when each photo is taken. A 35 mm camera with split lens can be used
(Britton et al. 1977), in which one side of the image is focused on a watch, and
the other on the flame. Cameras are now commercially available that record date
and time on each image. The use of black and white infrared film greatly
increases the value of this technique because it increases the quality of an image
recorded through visually obscuring smoke.

(6) Video camera. Video cameras can be very successfully used when
monitoring fire behavior. Time and other observations can be recorded on an
audio track while recording the visual image. The advantages of video cameras
include the potential for making a complete record of fire as it burns in specific
areas, the fact that image quality can be immediately assessed, and that cameras
are relatively inexpensive and very portable.

A computerized image analysis system has been used to study video tapes. A
grid representing a known size or distance is set on the first frame, and
subsequent measurements can be made from the screen image (McMahon et al.
1987).

b. Flaming residence time. Residence time is the amount of time that it takes
the flaming front of the fire to pass a particular point. Residence time can be
difficult to measure because of the indefinite trailing edge of the fire as
concentrations of fuel continue to flame. It can be estimated from observations,
still photography, or a video camera. The video position analyzer system (ibid.)
also can be used to obtain more accurate residence time estimates. Use of
infrared sensors or film are extremely useful when smoke obscures flames.

c. Fuel burnout time. Residence time discussed above is only a measure for
flaming combustion. For monitoring that will later be related to fire effects, an
estimate of the total duration of smoldering combustion of large diameter fuels
and duff layers is important. Observation, repeated photography of the same
points particularly with black and white infrared film, repeated video camera
images, or a Probe-eye® can record fuel burnout time. Infrared images can sense
higher temperatures caused by continued smoldering or glowing combustion
when no visible signs of combustion are present. While it is not important to



document the duration of long-term combustion to the exact minute, it is important
to note whether smoldering combustion lasts for only a few minutes, or a few
hours, or several days.

d. Flame length. Flame length is measured along the slant of the flame. The
accuracy of estimation of flame length can be increased by installing reference
points that provide scale. Steel posts with 1-foot sections alternately painted red
and white or metal flags attached every 3 feet (the choice depends on the
expected scale of the flames) set in the burn area work very well (Rothermel and
Deeming 1980). These markers can be the same as those used to measure rate
of fire spread.

(1) Observations. Flame length data are usually obtained from visual
observations of average flame length at set intervals. Flame length is usually
recorded at the same time as rate of spread observations are made.

(2) Photography. Flame length can be documented with cameras and time and
location of observation of each exposure recorded. Accuracy is enhanced by use
of infrared film.

(3) Video camera. Not only are video cameras an excellent way of documenting
fire behavior, the passive image analyzer mentioned above (McMahon et al.
1987) allows a very accurate measurement of flame length. After a grid of known
size is established on the first frame, the tape is advanced until a representative
flame is seen on the screen. The image is frozen on the screen, and the flame is
outlined on the screen with a cursor. Computer software then calculates flame
length.

e. Burn pattern. A map of the burned area can be made at both a gross and
detailed scale. For general monitoring purposes, a map of the burned area can
show areas where the tree or shrub canopy was removed, areas where the fire
was an underburn, and areas the fire did not burn at all. Information on burn
pattern can be obtained by a walk through the burned area, by long transects, or
with photography. A low elevation aerial photo, or an oblique photo taken from a
high vantage point such as a hill or a tree, can be measured with a dot grid to
determine burn pattern. For large wildfires, satellite imagery can be used to obtain
information on the pattern of burned and unburned areas, and where the fire was
a surface fire or a crown fire. When choosing imagery for analysis, it must be
remembered that up to about 2 weeks may pass before scorch damage to
overstory tree foliage is apparent.

f. Burn severity/Depth of burn. The pattern of burn severity on the surface of
the ground can be quite complex, because it varies with the distribution of prefire
fuel loading and arrangement, thickness of litter and duff layers, and moisture
content of surface and ground fuels. While mapping the pattern of burn in the
surface fuels and vegetation for an entire burned area may be too large a task,



burn severity, and the degree of canopy removal, should be noted in the areas
where fire effects monitoring sites are located.

Surveyor pins or bridge spikes can be used in easy and practical way to monitor
depth of burn. The pins or spikes are pounded into the ground before the fire, with
a cross piece or top of the spike level with the top of the litter layer. After the fire,
the amount of pin exposed is a measure of the depth of organic material
removed. The amount of residual organic layer at each pin site can be measured
to obtain an estimate of duff removal. Use of an inexpensive metal detector can
make it much easier to relocate metal pins after the fire.

Surveyor
Pin
Duif
Spike
.' [||Iu Tt ot [)Lliﬂh '
//u ol Burn
//// ,;;::1// wy N 1
Mineral Soil 1.'
i’rchum | | P{J:k‘.lhurli

3. Potential Control Problems. The occurrence of any of the following during a
prescribed fire should be noted and recorded and the Burn Boss or Fire Behavior
Analyst notified.

a. Spotting. If spotting is occurring outside the burn perimeter, record the time of
occurrence, distance from the fire front, and location on a map.

b. Torching or crowning. Torching or crowning trees may produce spots and
may indicate that the situation requires extra caution. Note the time and location
of occurrence and any relationship observed with surface fire behavior.

c. Firewhirls. The location and time of any firewhirls should be recorded.
Observations about the fuels in the area of the fire whirls, or any relation to
ignition method or technique, should be noted.



d. Fire behavior exceeding prescription limits. Any observation of rate of
spread or flame length that exceeds specified limits could provide a potential
control problem. Fire behavior less than that predicted is not necessarily a control
problem, but can lead to an improper site treatment, and should be reported.

E. Summary

Knowledge of the behavior and characteristics of wildland fire are important both
for managing fire and for understanding and interpreting the effects of fire. The
heat regime created by a fire varies with the amount, arrangement, and moisture
content of flammable materials on a site. Trained and experienced people can
predict (within a factor of two) some aspects of the behavior and heat release of a
flaming front of a fire, and some associated fire effects such as crown scorch.
However, many fire effects are related to characteristics of fire that are not related
to the behavior of the flaming front and cannot presently be forecast.
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Home CHAPTER Il - FUELS
Preface

Objectives By Melanie Miller
Fire Behavior
Fuels

Air Quality

Soils & Water . : . : :
Plants Fuel characteristics strongly influence how a given site will burn under

Wildlife specific environmental conditions. Fire also has an effect on fuels,
Cultural Res. Pecause fire requires the consumption of fuel. Besides removing fuel,
Grazing Mamt. fire can result in the creation of additional surface fuel, as vegetation
B drops fire-killed leaves, needles, and twigs, and dead shrubs and trees
Data Analysis fall and become part of the surface fuel layer.

A. Introduction

Computer
Soft. All effects of fire on resources result from its effect on fuels, because
Glossary the way that fuels burn determines the heat regime of a fire. Each fire

Bibliography varies in the amount of fuels that burn, the size class distribution of

Contributions fuels that burn, the rate at which fuels burn, how much soil organic
matter burns, and whether living plants become fuel. The nature of fuel
consumption determines the peak temperatures reached, the duration
of heat, and the stratification of heat above and below the surface.

Fuels such as litter, snags, and downed trees, have important effects on
a site. Freshly deposited litter protects the soil surface from erosion by
raindrops. Unburned logs and fallen fire-killed trees provide locations for
mycorrhizae, nitrogen fixation, and habitat for birds, mammals, and
insects. Standing snags provide habitat for many animal species that
utilize this specific habitat.

This chapter will discuss the factors that regulate the effect of fire on
fuels. Different types of fuels are defined, and the factors that control
the amount of fuel and organic layer consumption are described. Dead
and live fuel moisture content are discussed in great detail because
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moisture content is the most important determinant of the combustion
process and the heat regime of the fire. Basic principles of fuel
succession, the changes in the fuel complex over time, are
summarized. Those properties of fuels that affect the behavior of a
flaming fire are described in Chapter Il of this Guide, Fire Behavior and
Characteristics. Those aspects of combustion that affect smoke
production are discussed in Chapter IV, Air Quality, this Guide. The role
of downed logs and organic matter in regulating soil nutrients and their
relationship to fire are discussed in the Soils chapter of this Guide,
Chapter V. Wildlife use of dead woody material as habitat is described

in Chapter VII, Wildlife Habitat.
B. Principles and Processes

1. Fuel Classification. Fuel is all vegetative biomass, living or dead,
that can be ignited by lightning or an approaching fire front. Wildland
fuels have been grouped into various classes.

a. Natural fuels vs. activity fuels. Natural fuels result from plant
growth and death, loss of foliage, branch breakage, and tree blowdown.
Activity fuels are similar to natural fuels but they are distributed
differently in time and space due to human activity such as logging,
thinning, chaining, and herbicide use.

b. Down, dead woody fuels. This class of fuels includes dead twigs,
branches, stems, and boles of trees and shrubs that have fallen and lie
on or above the ground (Brown et al. 1982). Wood can be either sound
or rotten. Sound wood is essentially intact. It may have checks or
cracks, but it still retains its structure. Rotten wood is partially
decomposed. Material is punky or can be easily kicked apart. It can be
important to distinguish between sound and rotten large diameter
woody fuels because their moisture retention and combustion
characteristics are very different. (See B.2.a.(3) and B.4.d.(3), this
Chapter.)

c. Soil litter and organic layers.

(1) Litter. Litter is the top layer of the forest floor, typically composed of
loose debris such as fine twigs, and recently fallen leaves or needles,
little altered in structure by decomposition. Litter can also include loose
accumulations of debris fallen from rangeland shrubs, and dead parts of



grass plants lying on or near the surface of the ground. Some surface
feather moss and lichen layers are also considered to be litter because
their moisture response is similar to dead fine fuel.

(2) Organic layers.

(a) Duff. Duff is the partially decomposed organic material of the forest
floor that lies beneath the freshly fallen twigs, needles and leaves. It is
equivalent to the fermentation and humus layers of soil.

(b) Organic soils. Soils that are essentially composed of deep layers of
organic matter form wherever production of organic matter exceeds
rates of decomposition. They frequently develop in poorly drained areas
where plant material partially decomposes in water or in saturated
environments. Organic soils can be extensive in wetlands and in cool,
moist climates (Buol et al. 1973). The amount of incorporated mineral
material can vary significantly. The organic content of these soils can
burn if soil moisture content is low enough.

d. Live fuels. Live fuels are living vascular plants that may burn in a
wildland fire. Live fuels include trees, shrubs, grasses and grass-like
plants, forbs, and ferns. Because of seasonal variation in their moisture
content, the flammaubility of their foliage can vary significantly.
Herbaceous plants, i.e., grasses and forbs, can cure, changing from a
live fuel to a dead fuel. The leaves and older needles of trees and
shrubs dry and fall from the plants, adding to the surface litter layer at
the end of the growing season. Living plants may contain a large
component of dead material, such as dead branchwood in older shrubs.
This increases their flammability and the likelihood that the entire plant
will be consumed by fire. Live fuel moisture cycles are described in
greater detail in section B.5. of this chapter.

e. Fuel strata. Fuels have been classed as surface, ground, aerial, or
ladder fuels. These terms are described in Chapter 11.B.1.a., this Guide.

f. Total fuel vs. available fuel. Total fuel is the total amount of fuel
present on a site. Available fuel is the amount that can burn, under a
given set of conditions. The amount of available fuel depends on fuel
size, arrangement, and moisture content (Brown and See 1981). Fuel
size can affect availability if there are inadequate amounts of smaller
sized fuels to burn and transfer enough heat to larger size fuels to raise
them to ignition temperature. Standing tree boles are not considered to



be available fuel because they are extremely unlikely to burn in wildland
fires, except for smoldering in punky snags.

There can be long-term changes in fuel availability. The total amount of
fuel within a stand increases as plants grow, while the distribution of
fuel within a stand changes when snags or branches fall or foliage
drops. There can also be short term changes in availability due to fuel
moisture content. At any given point in time, the most important factor
affecting fuel availability is its moisture content, because this
determines whether fuel can ignite, and whether it can sustain
combustion.

2. Factors Regulating Dead Fuel Consumption.

a. Relationship to physical and chemical properties of fuel. The key
fuel properties that affect fire behavior were described in Chapter
11.B.3.b. The following discussion explains how some of these factors
influence fuel consumption.

(1) Fuel size. Fuels less than 1/4-inch diameter are almost completely
consumed by fire over a wide range of burning conditions. Most
branchwood between 1/4-inch and 3 inches is also consumed (Martin et
al. 1979). A fair prediction of the consumption of large diameter dead
woody fuels is possible if the average preburn diameter is known
(Reinhardt et al. 1991).

(2) Fuel continuity. Fuel continuity relates to the proximity of individual
pieces of fuel and also of different fuel strata. It affects fire spread, how
much of an area ignites, and how much fuel is consumed. Breaks in fuel
continuity contribute to patchy fire spread and may result in patchy fuel
consumption.

(a) Forests. Large diameter fuels in local accumulations are more likely
to be consumed than if these fuels are scattered. Anderson (1983)
found that large downed woody fuels need to be within a distance of
about 1.5 diameters of each other for interactive burning to occur.

(b) Rangelands/grasslands. Fuel consumption in range and grass types
can be closely related to fuel continuity. If fuels are sparse, windspeed
may not be adequate to spread the fire, limiting the amount of fuels that
are ignited and consumed.



(3) Quality. Wood may be sound, rotten, or partially rotten. In north
Idaho, consumption of rotten wood was greater than that of sound
wood, even though moisture content of rotten wood was higher.
Consumption of completely rotten pieces was higher than that of
partially rotten pieces (Reinhardt et al. 1991).

(4) Heat content. The heat content of wood is about 8,000 Btu per
pound (Albini 1976). Pitch adds to the flammability of wood because its
heat content is about 15,000 Btu per pound (Carmen (1950 in Byram
1959). Pitchy fuels can burn at a much higher moisture content than
those without pitch. A damp pitchy stump that is ignited is often
completely consumed by fire.

(5) Fuel moisture content. The major effect of moisture on small fuel
consumption is simply whether fuels are dry enough to ignite. Eighty to
90 percent of fine woody forest fuels are consumed wherever fire
spreads (Brown et al. 1985). This is also true for fine rangeland fuels.
The proportion of large diameter woody fuels consumed is more
strongly influenced by their moisture content than by any other factor
(Reinhardt et al. 1991).

b. Relationship to phase of combustion. The phase of combustion
during which dead woody fuels are consumed is related to their size.

(1) Small diameter fuels. Fine fuels tend to be consumed during flaming
combustion. However, the arrangement of small woody fuels sometimes
does not provide enough mutual heating during the flaming state for
complete consumption to occur. Blackened branches may burn off or
fall into the ash and generate enough mutual heat for more flaming
combustion to occur. Eventually the amount of heat that is generated
decreases and can no longer support flaming, and the remaining
consumption of these small pieces occurs by smoldering and glowing
combustion (Norum 1992).

(2) Large diameter fuels. While the surface layer of woody fuels may
initially support flames, most of the consumption of large woody fuels,
both sound and rotten, occurs in the smoldering and glowing phases of
combustion. Glowing combustion in large woody fuels commonly lasts
for 10 to 20 times longer than the flaming phase (Anderson 1983).

3. Factors Regulating Consumption of Duff and Organic Soils.



a. Moisture content. As is true for large diameter woody fuels,
moisture content is the most important variable influencing consumption
of duff and soil organic layers. Duff and soil temperatures remain below
the boiling point of water (100 C.) until all moisture is evaporated
(Hartford and Frandsen 1992). Heating of organic layers to the high
temperatures required for ignition cannot occur while moisture is
present.

Specific relationships have been observed between duff moisture and
duff consumption. At less than 30 percent duff moisture content, duff
layers burn on their own once ignited, a threshold level observed in the
southwest U. S., Pacific northwest, and the northern Rockies (Brown et
al. 1985). At 30 to 120 percent duff moisture content, the amount of
consumption of duff depends on the amount of consumption of
associated fuel. When duff moisture content is greater than 120
percent, duff essentially will not be consumed.

Similar relationships have been found for organic soils. Peat is a
deposit of slightly or non-decayed organic matter, while the organic
content of muck is markedly decomposed (Buckman and Brady 1966).
Peat burns well when its moisture content is below about 30 percent
(Craighead 1974 in Hermann et al. 1991). Blocks of organic soil from
south central Florida sustained smoldering up to 135 percent moisture
content (McMahon et al. 1980 in Frandsen 1987).

Wet pocosin muck does not burn, but once the water table has lowered,
these soils can ignite and sustain combustion. However, the moisture
limits for ignition are not known (Frandsen 1993). Research is presently
being conducted to determine factors affecting consumption in pocosin
organic muck (Frandsen et al. 1993).

b. Surface fuel consumption. Heat generated by consumption of
surface fuels can dry, preheat, and then ignite the duff layer. The
amount of consumption of large diameter fuels was related to duff
reduction and mineral soil exposure in north Idaho (Brown et al. (1991),
and western Oregon and Washington (Little et al. 1986; Ottmar et al.
1990, Sandberg 1980).

c. Preburn duff depth. Duff consumption was strongly related to
preburn duff depth in the northern Rocky Mountains (Brown et al.
(1991); in jackpine (Stocks 1989 in ibid.); Alaska black spruce (Dyrness



and Norum 1983); white spruce/subalpine fir (Blackhall and Auclair
1982 in ibid.); and southwestern ponderosa pine (Harrington 1987), but
not in deeper duff layers of the Pacific Northwest (Sandberg 1980; Little
et al. 1986). d. Inorganic content. Mineral soil becomes mixed with soil
organic layers by freeze-thaw cycles, insect and small animal activity,
overland flow, windthrow, and management actions, particularly
skidding of logs (Hartford 1989). Mineral material affects combustion of
organic layers because it absorbs some of the heat that would
otherwise preheat combustible materials (Frandsen 1987). The greater
the amount of mineral material in the organic layer, the lower the
moisture content of the organic layer had to be before it would burn
(ibid.). If the ratio of mineral particles to organic matter (mass ratio) was
greater than about 4 to 1, smoldering did not occur (ibid.).

e. Phase of combustion. Almost all consumption of duff and organic
soils occurs during the smoldering and glowing phases of combustion.
Combustion can continue for hours, days, and in the case of pocosin
soils, for weeks after ignition, if organic layers are dry (Frandsen 1993).

4. Dead Fuel Moisture. Fuel moisture has a significant effect on fuel
availability and fuel consumption because it suppresses combustion.
Part of the heat produced by the combustion of wood is used to drive off
moisture in adjacent woody fuel. If the moisture content is high, the heat
generated may be insufficient to dry these fuels and heat them to
ignition temperature, and the fire will not continue to burn.

Fuel moisture is the ratio of the weight of moisture in the fuel to that of
the dry weight of the fuel. The formula for fuel moisture and its effect on
fire behavior is described in Chapter 11.B.4.b.(2), this Guide. Moisture
effects on woody fuel consumption were discussed in B.2 a. (5), this
Chapter, and on duff and organic consumption in B.3.a. The following
discussion describes the most important factors affecting moisture
content of dead woody fuels, litter layers, and duff and organic layers.
Live fuels and their moisture cycles are discussed in B.5., this Chapter.

a. Wetting and drying process. Water in fuels can be present in liquid
or vapor form.

(1) Liquid water. Liquid water comes from rainfall, snowmelt, or
condensation. It can be present both on the surface, and within cell
cavities (Schroeder and Buck 1970). At the fiber saturation point (about
30 to 35 percent of the fuel dry weight), the cell wall holds as much



water as it physically can, but no liquid water is present within cell
cavities (McCammon 1976).

Liquid water is readily absorbed by fuels through their surface, filling cell
cavities and intracellular spaces (Schroeder and Buck 1970). In liquid
water, molecules travel with different speeds and directions. A water
molecule at or near the surface of a layer of water can attain a high
enough speed after colliding with another molecule to escape from the
liquid water into the air. By this process, called evaporation, a liquid
water molecule becomes a water vapor molecule (ibid.). Evaporation is
the primary drying process when fuels are saturated. It decreases in
importance as fuels dry below the fiber saturation point.

(2) Water vapor. The following discussion is derived from Schroeder
and Buck (1970), except where noted. Water present in the atmosphere
in the form of a gas is called water vapor. That part of the atmospheric
pressure due to the presence of water vapor is called vapor pressure.
The maximum amount of vapor that the atmosphere can hold when it is
saturated depends on the air temperature. Water vapor molecules
move from an area of higher concentration to one with lower
concentration until vapor pressure is equal.

Water molecules in fuels can be bound to cellulose molecules or held
by capillary action in tiny openings in the cell wall (Simard 1968).
Molecules closest to the cell walls are held the most tightly. Successive
layers of water molecules are held with progressively weaker bonds
until the cell walls become saturated. At less than saturation, water
vapor moves between a fuel particle and the atmosphere if the vapor
pressure of the layer of water in the fuel does not equal the vapor
pressure of the atmosphere. If the vapor pressure within the outer layer
of fuel is greater than that of the atmosphere, moisture escapes to the
atmosphere, and fuel moisture content decreases. If the vapor pressure
of the atmosphere is greater than the vapor pressure within the outer
layer of fuel, the fuel takes water vapor from the atmosphere, increasing
the fuel moisture content.

b. Equilibrium moisture content. Equilibrium moisture content (EMC)
is the "value that the actual moisture content approaches if the fuel is
exposed to constant atmospheric conditions of temperature and relative
humidity for an infinite length of time" (Schroeder and Buck 1970). The
EMC determines the amount of water vapor that a specific piece of
wood can hold (Simard 1968). A unique EMC exists for each



combination of atmospheric temperature and relative humidity, with the
associated vapor pressure (Schroeder and Buck 1970). If fuel moisture
content is greater than EMC, vapor diffuses out of the fuel, and the fuel
becomes drier. If fuel moisture content is less than the EMC, water
vapor transfers into the fuel particle and the fuel becomes wetter.

Atmospheric temperature and relative humidity are never constant and
tend to vary diurnally. Equilibrium moisture content also varies. Because
fuels usually take up and release moisture at a slower rate than the
temperature and humidity changes, the actual fuel moisture content
lags behind the equilibrium moisture content. The greater the difference
between the equilibrium moisture content and the fuel moisture content,
the more rapidly vapor diffusion occurs, and the more rapidly the fuel
particle exchanges moisture with the atmosphere. As a particle
approaches equilibrium moisture content, the exchange occurs more
slowly. Fuel moisture content never reaches equilibrium moisture
content, because other physical processes prevent a complete
exchange of vapor (Schroeder and Buck 1970). A fuel that is gaining
moisture stabilizes at a lower moisture content than a fuel that is drying
(Simard 1968). Van Wagner (1987 in Viney 1991) noted a 2 percent
lower EMC for wetting fuels compared to drying fuels.

c. Timelag theory.

(1) Timelag principle. Drying and wetting of unsaturated dead woody
fuel has been described by the timelag principle. A timelag has been
defined as the length of time required for a fuel particle to reach
approximately 63 percent of the difference between the initial moisture
content and the equilibrium moisture content.(1)

(2) Timelag period. Under standard conditions, defined as 80 F. and 20
percent relative humidity, the length of time that it takes a fuel particle to
reach 63 percent of EMC is a property of the fuel and is referred to as
the timelag period (Schroeder and Buck 1970).

(3) Timelag classification. The proportion of a fuel particle exposed to
weather elements is mathematically related to its size. Small diameter
fuel particles have large surface area to volume ratios. Moisture levels
in these fine fuels can change rapidly with changes in temperature and
relative humidity. Large diameter fuel particles have small surface area
to volume ratios, and their moisture content changes very slowly in
response to changes in temperature and relative humidity. Time lag



thus increases with increasing fuel diameter.

(a) Dead woody fuel timelag classes. Downed dead woody fuels have
been grouped into size classes that reflect the rate at which they can
respond to changes in atmospheric conditions (Lancaster 1970). The
classes relate to an idealized surface area to volume ratio and an
average timelag that represents each fuel class. Classes relate to the
theoretical length of time required to reach 63 percent of EMC.

i. 1-hour timelag fuels - less than 1/4-inch diameter (less than 0.6 cm).
ii. 10-hour timelag fuels - between 1/4-inch and 1-inch diameter (0.6 to
2.5 cm).

iii. 100-hour timelag fuels - between 1-inch and 3 inches diameter (2.5
to 7.6 cm).

iv. 1000-hour timelag fuels - between 3 and 8 inches (7.6 to 20.3 cm)
diameter.

(b) Forest floor timelag classes. There is a loose correspondence
between these timelag classes and forest floor litter and duff, although
the deeper the duff layer, the more approximate is the relationship. The
corresponding classes assigned for fire danger rating purposes were
(Deeming et al. 1977):

i. 1-hour timelag fuels - dead herbaceous plants and uppermost layer of
forest floor litter.

ii. 10-hour timelag fuels - layer of litter extending from just below the
surface to 3/4 of an inch below the surface.

iii. 100-hour timelag fuels - forest floor from 3/4 inch to 4 inches below
the surface.

iv. 1000-hour timelag fuels - forest floor layer deeper than 4 inches
below the surface.

(4) Timelag of other fine fuels. Weathered aspen leaves, tree lichen
(Alectoria jubata) and some cheatgrass fuel beds were shown to act as



1-hour timelag fuels (Anderson 1990). The surface layer of lichens and
mosses that carries fire in Alaska responds as a 1-hour fuel to
temperature/relative humidity changes (Mutch and Gastineau 1970).
However, conifer needle litter of some species belongs in the 10-hour
timelag category (Anderson 1990), despite its high surface area to
volume ratio. Other factors such as surface covering influence the rate
at which fuel moisture changes in response to environmental
conditions.

d. Fuel properties that affect dead fuel moisture content.

(1) Surface covering. The presence of a surface coating of organic
material can limit movement of water, whether liquid or vapor (Simard
and Main 1982). Dead woody fuel with bark gained and lost moisture at
two-thirds the rate of the same diameter fuels without bark (Simard et
al. 1984).

Moisture exchange in recently cast conifer needle litter is inhibited by a
coating of fat, waxes, and cutin deposits (Anderson 1990). Anderson
(ibid.) noted timelags of 5 to 34 hours for recently cast conifer needle
litter, rather than the expected timelag of 10 hours. Weathering causes
the breakdown and removal of needle coatings that slow vapor transfer.
Timelags of 2 to 14 hours were measured in weathered conifer litter,
which is still slower than the timelag of less than two hours expected for
that diameter of particle (ibid.).

(2) Composition. The material of which a fuel is composed affects its
structure, porosity, ability to gain or lose atmospheric moisture, and the
movement of vapor within the particle. Composition and fuel moisture
response properties vary significantly among dead woody fuels,
deciduous leaf litter, grass litter, and coniferous needle litter (Simard
and Main 1982).

(3) Amount of decomposition. Woody fuels that have been affected by
weathering and decomposition often develop deep cracks that increase
their surface area to volume ratio. Both liquid water and vapor can enter
or leave the fuel through these splits in the wood, increasing the rate of
moisture exchange. There may be few naturally occurring forest fuels
that are actually 1000 hour timelag fuels, because almost all large
pieces of wood have cracks that effectively increase their wetting and
drying rates (Miller 1988, personal observation).



The cell structure in highly decomposed wood, such as rotten logs, has
broken down, and moisture can travel more easily through this material
than through solid wood. The moisture content of rotten wood can be
very different from that of sound wood of the same diameter.

(4) Thickness and density of litter or duff layer. Because litter and duff
layers have porosities of 70 to 90 percent, air can diffuse through them
at 60 to 80 percent of the diffusion rate in free air (Fosberg 1975). The
particles of organic matter in these layers exchange moisture with the
atmosphere in the void space in the litter and duff layer (ibid). The
moisture within the voids seeks equilibrium with the external
atmosphere (ibid.). Van Wagner (1979) observed that the drying
environment within a 3 centimeter (1.2 inches) deep needle litter layer
was less favorable at the bottom than at the top because the lower part
of the layer was farther from the drying surface. Anderson (1990) noted
that moisture diffusion rates were slower if litter fuel beds were deeper
or more densely packed. The lower part of a litter and/or duff layer can
become matted and tightly bound by fungal strands (Harrington and
Sackett 1990). The wetting and drying response of this layer is likely to
be slower than that of the more loosely packed material nearer the
surface because of slower rates of water vapor diffusion.

e. Soil moisture effects on fuel moisture content. Afternoon moisture
content of eucalyptus (Eucalyptus spp.) leaf litter placed on wet soils
was much higher than litter placed on dry soils (Hatton et al. (1988).
Moisture appeared to diffuse upwards from the wet soil, increasing the
relative humidity environment of the leaf litter, causing higher litter
moisture content (ibid.). The biggest effect of the wet soil was noted in
early mornings, probably because wet soils made more moisture
available to condense on dead leaves. Litter on the dry soils was dry
enough for the litter to burn throughout the night, while litter on wet soil
plots was too wet to burn.

Active surface fire behavior occurred throughout many night time
burning periods during the 1988 fire season in Yellowstone National
Park. Night time moisture recovery of lodgepole pine litter was much
slower and reached lower maximum levels than expected (Hartford and
Rothermel 1991). The limited amount of surface litter moisture recovery
was partially attributed to the lack of moisture in the air and in the soil
that could contribute to an increase in night time litter moisture content
(ibid.).(2)



f. Effect of weather factors on fuel moisture content.

(1) Precipitation duration. Wood absorbs water as long as the surface is
wet, so precipitation duration is usually more important than
precipitation amount in determining moisture content of dead woody
fuels (Fosberg 1971 in Simard and Main 1982). The rate of diffusion of
liquid water into wood is usually less than the rate at which precipitation
occurs, so much of the rain water drips off before it can soak into the
wood.

(2) Precipitation amount. The amount of precipitation is more important
than the duration of precipitation in determining the moisture content of
duff, organic soils, and accumulations of organic materials that occur
beneath isolated trees and shrubs. Duff layers and organic soils retain
much of the precipitation that falls, allowing it to slowly soak into the fuel
particles (Simard 1968 in Simard and Main 1982).

(3) Temperature. Temperature affects both the humidity of the air and
its vapor pressure, and thus the equilibrium moisture content. Higher
fuel temperatures decrease relative humidity in the microclimate near
the ground (Rothermel et al. 1986), which also decreases the EMC.
Higher fuel temperatures increase the tendency of bound water vapor to
diffuse away from the fuel, thus drying it further (Schroeder and Buck
1970). Fuel temperature is affected by slope, aspect, time of day, cloud
cover, canopy cover, sun angle, and the albedo of the fuel.

(4) Relative humidity. Relative humidity has a significant effect on
moisture content of small diameter fuels because water vapor can
readily penetrate into or escape from the center of small fuel particles.
Diurnal changes in relative humidity have little effect on the moisture
content of large diameter fuels because their large volume prevents
rapid movement of moisture molecules between the surface of the fuel
and its center. Relative humidity can have a major effect on large fuel
moisture content if there is a long period of time without precipitation.

(5) Wind. Wind has its most important drying effect on woody fuels
when liquid water is evaporating because it removes any layer of water
vapor that may be adjacent to the fuel. Wind has a greater effect on wet
fuel particles that are above the surface, causing them to dry more
rapidly than material on the ground (Simard and Main 1982). When fuel
is below the fiber saturation point and most vapor loss is by diffusion,
the effect of wind becomes less important as the fuel becomes drier



(Schroeder and Buck 1970). Wind has a more significant drying effect
on small diameter fuels than on large diameter fuels, duff, or organic
layers.

g. Relationship of topography to fuel moisture content.

(1) Fuel moisture tends to vary with topographic position. Fuels are less
directly exposed to sun on north slopes than south slopes so their
moisture content tends to be higher. Temperatures are generally cooler
and humidities higher at upper elevations, so fuel moistures are usually
higher than at lower elevations.

(2) Topography partially determines the strength of any night time
inversion layer that forms. If a steep inversion and temperature gradient
forms, fuel moisture recovery can be fairly high because of low
temperatures and high relative humidities.

If an inversion forms in a valley, a thermal belt may form at the top of
the inversion layer. In this belt, temperatures are warmer than at lower
elevations within the inversion, and warmer than at higher elevations
because temperature decreases with altitude. Higher night time
temperatures, lower relative humidities, and lower fuel moistures occur
within the thermal belt than at other locations along the slope. Fires can
remain active throughout the night within the thermal belt, while activity
is limited below the inversion layer (Schroeder and Buck 1970).

5. Live Fuel Moisture.

a. Effect of live fuel moisture on fire. Live fuels can either be a heat
sink or a heat source in a wildland fire, depending on their moisture
content. If live fuel moisture levels are high enough, they absorb some
of the heat produced by associated burning fuels without themselves
igniting, and thus do not contribute to the progress of the fire. If live fuel
moisture is low, the combustion of dead fuels readily produces enough
heat to desiccate and ignite the live fuels, which then add to the total
amount of heat released by the fire (Burgan and Rothermel 1984). Live
fuels can thus retard, stop, or contribute to fire spread.

b. Factors regulating live fuel moisture.

(1) Internal factors. Moisture content of living plants is controlled largely



by species morphology and physiology. The amount of water in plant
tissue, and thus its moisture content, relates closely to events during a
plant's seasonal growth cycle (plant phenology). For a given species,
the maximum and minimum moisture content values and the average
values during different parts of the growing season are controlled more
closely by the plant structure and its adaptations to the general climate
of the area, than by daily weather. Seasonal timing of drying for specific
deciduous shrub, forb, and grass species were found to be similar
between wet and dry growing seasons, although moisture levels were
generally higher in the wet season (Brown et al. 1989).

(2) Site factors. Site conditions can cause differences in moisture
content within the same species, possibly because of physiological
conditioning or even a genetic adaptation to the site (Reifsnyder 1961).
Differences in foliar moisture content within a single species were
related both to differences in substrate and the amount of shading
provided by a forest canopy (Blackmarr and Flanner 1968).

(3) Climatic variation. Climate affects such factors as the timing and
length of the growing season, the length of the green-up period, and the
existence of seasonal periods of cold- induced dormancy or drought or
heat-induced quiescence.

c. Differences among species groups. There are characteristic
differences in seasonal moisture patterns for groups of species.
Deciduous leaved woody plants tend to have higher moisture content
values than evergreen leaved plants, and the seasonal pattern of
moisture changes tends to vary more. Coniferous trees have entirely
different foliar moisture patterns than deciduous trees. Herbaceous
species moisture levels can be higher or lower than that of associated
shrubs, depending on the species present and the time of year. There
are differences in average maximum and minimum moisture values
among species within any group, depending upon the morphology of
the species, and the relative amount of new and old growth on the
plant.

d. Deciduous leaved shrubs. The general pattern for deciduous
leaved shrubs is for moisture to rapidly increase to a peak level soon
after bud break and begin to decrease after all new seasonal growth
has occurred. Moisture then slowly declines for the remaining part of
the growing season until leaves cure.



Data from Alaskan aspen stands illustrate variation in moisture content
levels among deciduous species, as well as variability due to site
differences (Norum and Miller 1981). Maximum spring moisture content
of leaves and small twigs of highbush cranberry (Viburnum edule)
(HNlustration 111-1, page I11-24) was about 325 percent, but its moisture
content dropped to about 225 percent by midsummer where it remained
for most of the growing season. Rose (Rosa acicularis) on that same
site in that same season had a spring maximum value near 375
percent, but its moisture content decreased to about 175 percent where
it remained until fall curing. Maximum moisture levels for that same
species of rose on a drier aspen site were less than 250 percent and
persisted at about 165% for much of the growing season. Blueberry
(Vaccinium uliginosum) (lllustration 1lI-2, page 1lI-25), a smaller stature
deciduous species on a black spruce site nearby, had spring maximum
moisture value of less than 250 percent and spent most of the summer
at about 125 percent moisture content (Norum and Miller 1981).

For all of these species, moisture content did not significantly decrease
as fall coloration appeared on the leaves. Moisture content began to
drop markedly as the abscission layer formed at the bases of the
petioles and cut off water transport to leaves, when obvious drying and
browning of the leaves occurred (Miller 1981).

e. Evergreen leaved shrubs. The general pattern for broad-leaved
evergreen shrubs is more complex than for deciduous species because
evergreen shrubs sometimes retain old leaves for several years. They
tend to have lower spring maximum values and much lower growing
season average values than deciduous species. Values increase from
an overwintering minima as new growth is added in the spring, or at
other times of the year when precipitation triggers growth after a dry
season. Values decrease significantly after new growth ceases. Some
evergreen leaved species develop ephemeral leaves in late winter and
early spring. Average foliar moisture content drops significantly as these
seasonal leaves cure and drop from the shrub.

A typical profile for sagebrush (Artemisia tridentata) moisture content
would be a rise from early to late spring from about 150 percent to
about 250 percent, with a subsequent decline to 60 percent or less in
mid to late summer (Schmidt 1992). Riedel and Petersburg (1989)
found that the lowest summer levels for sagebrush moisture (lllustration
l11-3, page 1I-26) were reached one month earlier in one year than the
previous summer. Sagebrush flammability has been related to threshold



levels of moisture content. (See 11.C.2., this Guide.)

In the Alaskan interior, maximum foliar moisture content levels for
Labrador tea (Ledum decumbens) were only 145 percent, and that peak
value occurred about a month after the maximum moisture values were
reached in associated deciduous shrub species (Norum and Miller
1981). Moisture content of new leaves of chamise (Adenostoma
fasciculatum) in California were at 125 percent in late May, dropped to
about 60 percent in early September, and rose to about 90 percent
when the plants again became physiologically active in early December
(Dell and Philpot 1965). Maximum moisture levels for galberry foliage
(llex glabra) averaged about 140 percent in North Carolina, while
minimum values were about 100 percent (Wendel and Story 1962).
Maximum values for redbay (Persea borbonia) foliage were about 120
percent, while fall and winter minima were around 60 percent (ibid.).

f. Herbaceous plants. Herbaceous moisture content can also vary
significantly among species. Moisture levels can be much higher at the
beginning of the growing season than for other species groups because
all of the plant is new tissue. Also, because there is no residual
material, all of the plant can become cured, sometimes before the end
of the growing season. This is especially notable for grasses and other
species in areas with hot, dry summer weather. In north Idaho, moisture
content of cheatgrass (Bromus tectorum), an annual grass, for example,
was measured to be 150 percent on June 20, but was only 9 percent on
July 20 (Richards 1940). All of the plant material, once cured, responds
to atmospheric conditions as a dead fine fuel, as reflected by the 9
percent moisture level just cited.

Some species of grasses and forbs in some regions can produce new
growth in the fall, after a summer of quiescence, thus causing fall green-
up and associated increase in moisture content. Green-up is caused by
renewed growth of perennial species and germination of seeds.

Some herbaceous species do not cure and dry out during the summer,
rather only begin a significant amount of curing as frost occurs in the
fall. In north Idaho, moisture content of fireweed (Epilobium
angustifolium) plants was 426 percent on June 20 and 241 percent on
September 10 (ibid.). In interior Alaska, bluejoint reedgrass
(Calamagrostis canadensis) was first measured at about 400 percent
moisture content on May 27 when the plants had about 1 to 1-1/2 feet
of leaf growth. Moisture content of plants declined to about 260 percent



by June 30 and was about 200 percent on August 28, just before the
first frost (Norum and Miller 1981). In north central Michigan, large
leaved aster (Aster macrophyllus) was measured at about 420 percent
moisture content at the beginning of June, and the lowest moisture level
observed for the rest of the summer fluctuated around 300 percent
(Loomis and Blank 1981).

Data for most herbaceous species show only a slow decrease in
moisture levels after early growing season maxima. However, in
western Wyoming, grasses and forbs had some increase in moisture
content in response to mid-summer rain. By September, however, the
drying trend was not altered by rainfall (Brown et al. 1989).

g. Coniferous trees. Moisture content of coniferous foliage also varies
significantly with season but the pattern is quite different than that
shown by deciduous and herbaceous species. Coniferous species
retain their needles for several years; the number of years is a species
characteristic.(3) For most species, the lowest level of moisture content
of needles formed in previous

years occurs in late spring, during about the same time period in which
buds expand, and new needles and twigs are formed. Moisture content
of old needles increases during most of the growing season to a
maxima during late summer and/or early fall (depending on species and
region).

Moisture content of new needles is very high as buds break, needles
grow, and stems elongate, but starts dropping significantly about the
same time as the new terminal bud on the end of the current year's
growth forms. The moisture content of new foliage drops to about the
same level as that of old foliage late in the growing season. In the
southeastern U.S., conifers may flush more than once during the
growing season. The moisture cycle in older foliage may be different
from that of conifers that grow in climates with winter cold and/or shorter
growing seasons.

The difference between low and high moisture values for 1-year-old
black spruce (Picea mariana) foliage in Alaska varied from 28 to 40
percentage points on different collection sites (Norum and Miller
unpublished). Seasonal lows occurred in June and seasonal high
values in August (lllustration Ill-4, page I11-27). Seasonal low values for
Douglas-fir foliage occurred in mid to late June in Montana, with a peak



value reached by early September (Philpot and Mutch 1971; Rothermel
1980). The range between high and low values varied from about 20 to
40 percentage points.

Crown fires were much more prevalent in Douglas fir trees burning in
late spring and early summer experimental fires than on those sites
burned in late summer and early fall (Norum 1975). Low springtime
foliar moisture values may explain the observed difference. The peak of
the fire season in boreal latitudes is usually shortly after summer
solstice, and the low foliar moisture content of black spruce may be a
factor in tree crown ignition. However, the fire season in the western
United States generally peaks in August, at a time when moisture
content of conifers is increasing to a seasonal high. The readiness of
western species of conifers to crown during extreme fire weather is not
due to low foliar moisture values, although it may be enhanced by early
drying of the oldest needles.

Measured moisture content of live foliage in northeast Oregon,
southwest Idaho (Miller 1988), and northwest Wyoming (Hartford and
Rothermel 1991) in the extreme fire season of 1988 was not different
from normal moisture values for that time of the year. Experimental
evidence suggests that conifers can rapidly transport water into their
foliage when heated to temperatures that occur in a wildland fire
(Cohen et al. 1990). This can delay branch and foliage drying and could
inhibit crown heating and ignition. During drought conditions, trees may
not be able to transport water into their crowns, increasing their
flammability and hence their crowning potential (ibid.).

6. Fuel Succession. Vegetative biomass tends to accumulate over
time. However, not all biomass is available fuel. Biomass is all of the
vegetation on a site, while available fuel is what can burn. Fuel
succession is the change in the fuel complex over the long term,
including changes in loading, size distribution, availability, and live to
dead ratios. These changes are the net result of the counteracting
processes of accumulation and depletion (Brown 1987).

a. Accumulation.

(1) Litter layer. The amount of foliage that is produced each year affects
the amount of new litter that accumulates. Because coniferous trees
retain their needles for several years, there may be no relationship
between the productivity in a particular year and the amount of needle



litter added to the surface fuel layer.

(2) Dead woody fuels. Insects, disease, suppression of individual trees
in young stands, and death of lower branches of trees can provide a
source of dead woody fuels. These events, and the timing of the
addition of the fuels, occur irregularly, as branch material is broken or
entire trees fall because of wind, and heavy snowfalls (Brown 1975).
Fire can Kkill trees and shrubs, and whatever woody material is not
consumed can become surface dead woody fuels.

(3) Duff and organic layers. Material is added to these organic layers as
the lower part of the litter layer, and moss and lichen layer, decompose.
Rotten woody material is gradually incorporated into the forest floor,
and becomes part of the duff layer.

(4) Live fuels. Shrubs, herbaceous plants, and young conifers can
establish and/or increase in volume. Branches die, and increase the
flammability of trees and shrubs.

b. Depletion.

(1) Litter. Dead plant material can oxidize and essentially disappear
during one growing season. It can remain into the next growing season,
be compacted beneath additional litter, and decompose enough to
become part of the duff layer.

(2) Dead woody fuels. Dead woody fuels physically deteriorate and
settle over time, and compactness increases as supporting branches
decay (Brown 1975). A more compact fuel bed is less well aerated, and
may dry more slowly, have a higher moisture content, and be a more
favorable environment for additional decomposition.

(3) Live fuels. Productivity of an understory layer of shrubs and
herbaceous plants can decrease significantly as the canopy closes,
resulting in a much lower annual addition of litter. A coniferous fuel
ladder can grow tall enough that its lower branches no longer provide a
bridge between surface and crown fuels.

c. Patterns of fuel succession.

(1) Forests. The generality that downed woody fuels accumulate over



time is, in many cases, not true (Brown and See 1981). The amount of
forest fuel depends on stand history, whether the stand was visited by
insects, disease, wind, and fire, and at what intervals. The size and
pattern of disturbance, and amount of fuel that results, can vary with the
event, and tree and branch mortality can be compounded by drought.
Agee (1993) also relates the amount of forest fuel to stand disturbance.
Changes in the amount of fine and coarse woody fuels over time relate
to the amount of biomass present before a disturbance, the severity of
the disturbance, and successional patterns after the stand is disturbed
(ibid.).

(a) Relationship to stand disturbance. When a wildland fire occurs in a
forested stand, the severity of the impact on the stand, and resulting
amount of surface fuels and rate of their accumulation, can vary
(Muraro 1971 in Brown 1975). For example, if a fire occurs in a
lodgepole pine stand that burns only in surface litter layers, it can kill or
weaken many of the trees but not consume much of the foliage. Surface
fuels increase moderately as trees die and fall. A fire in a lodgepole
pine stand that burns into the duff layer can consume many structural
tree roots. This makes trees susceptible to rapid blowdown, and fine
fuels are added to the stand at a much higher rate than after a lower
severity fire. A high intensity crownfire in a lodgepole pine stand can
burn off many of the fine branches in the tree crowns. If it also burns
deeply into the duff layer, most of the trees will fall fairly quickly. Most of
the fuel added would be large diameter material. Because downed trees
are not supported by small diameter branchwood, they would come into
contact with forest floor sooner and decompose more readily.

Whether the young stand of lodgepole pine that establishes after fire
has a low or high dead fuel loading also depends on the frequency of
fire. The stand that develops after a fire that caused rapid blowdown of
trees with a lot of branchwood would have a high loading of dead fuel in
all size classes. If a fire occurs in this young stand of trees, much of the
crown-stored seed could be destroyed and most of the fuel consumed.
A sparse stand of lodgepole pine could subsequently establish that has
a much lower loading of dead woody fuel than the previous stand
(Muraro 1971 in Brown 1975).

(b) Varying patterns among live and dead fuels. Fuel succession is
more complicated if live and dead fuels are involved (Brown and See
1981). There may be an increase in one class of fuel while another is
decreasing or becoming unavailable. Dead woody fuel may decompose



while an understory of trees establishes. The loading of dead woody
fuel may increase while some trees become tall enough to be much
less available to surface fire (Brown and See 1981). Early successional
herbs, such as bracken fern in western Oregon, can cause a high
loading of fine fuels before the canopy closes and shades out these
plants (Isaac 1940 in Agee 1993).

(c) Relationship to stand age. There is no clear relationship in the
northern Rockies (Brown and See 1981) between stand age and
amount of dead woody material. The amount of fuel in young and
mature forests cannot be related to age because too many other factors
are involved. The only generalities are that downed woody fuel loadings
tend to become predictably high as stands acquire old growth
characteristics, but loading is unpredictable from age alone in young,
immature, and mature stands (ibid.).

In western Oregon and Washington, stand replacing fires generally
occur at much longer intervals than they do in the northern Rocky
Mountains. Fuels in the 0 to 3-inch (to 7.6 cm) range are usually at their
highest levels in early stages of postfire succession (Agee 1993). 1000-
hour fuel biomass is highest in mid-successional stages when some
stems die because of naturally occurring self-thinning. Biomass of larger
logs is greatest in the oldest stands.

(d) Relationship to site productivity. Fuel loading and site productivity
are not well correlated (Brown and See 1981). In warm, moist forest
types, productivity is fairly high, but fuel may not accumulate because
the decomposition rate keeps up with fuel production (ibid.). In cool, dry
forest types, productivity tends to be low, but a relatively higher
proportion of biomass may accumulate as fuel because decomposition
is limited (ibid.).

(e) Relationship to fire exclusion. In many areas of the western U.S.,
naturally occurring fires used to occur at a fairly high frequency. With
the onset of organized fire suppression activities, and the removal of
fine fuels by livestock grazing, wildland fires became an infrequent
event in many forest types. If fire exclusion has removed several fire
cycles from a forested stand, the ecological effect is much more
profound than if fire has only been effectively suppressed for one-third
of the length of a stand's natural fire rotation. In parts of the
southwestern U.S., for example, the exclusion of fire from ponderosa
pine stands that previously burned at intervals ranging from 2 to 10



years has resulted in higher loadings of litter, forest floor duff, and in
some cases, down dead woody fuels (Harrington and Sackett 1990).
While the amount of fuel may not be predictable from age, it is logical to
conclude that there is more fuel in stands without understory fire for 80
to 100 years than if underburns had continued to occur at frequent
intervals.

(2) Shrublands.

(a) Sagebrush. The percentage of dead stemwood in sagebrush
(Artemisia tridentata) plants increases with age. However, when
modelling the effect of higher proportions of dead branchwood on fire
behavior, only a small increase was found (Brown 1982). The total
amount of fuel correlates to the height of the stand, but stand height
does not correlate well with age (ibid.). The amount of fuel in older
stands of sagebrush is greater if the volume and density of shrubs has
increased.

(b) Chaparral. Old stands of chaparral have been observed to be more
flammable than young stands, and this difference has been attributed to
an increasing proportion of dead branch material in older age classes of
shrubs (Paysen and Cohen 1990). No correlation was found between
the percentage of dead branch material and age of chamise in southern
California (ibid.).

Because all leaves and fine branch material in the chaparral canopy
tends to be consumed by fire when foliar moisture content is low, a
stand with more leaves and twigs has more fuel. For any given site, the
amount of biomass tends to increase with age of the stand, and it may
be this increase in total biomass that causes the higher flammability
observed in old stands. However, because of variability in site
productivity and species composition, it cannot be said that every stand
of chaparral of a certain age is more flammable than a stand that is
younger.

C. Resource Management Considerations

The primary ways to manipulate fire effects on fuels are to modify fuel
availability and to change the way an area is ignited and burned.

1. Fuel Availability.



a. Fuel moisture.

(1) Change the prescribed fuel moisture. When planning a prescribed
fire, the moisture contents specified in the prescription can be chosen to
achieve selected effects on fuels.

(a) Fine fuel moisture. Fine fuel moisture indirectly affects overall fuel
consumption by determining which fuels ignite. Fine fuel moisture is
defined by specifying different ranges of temperature and relative
humidity in the prescription.

(b) Large fuel moisture. In forested areas, the moisture content of large
diameter woody fuels is the chief factor affecting the amount of total
consumption. Remember that rotten woody material can burn at a much
higher moisture content than sound material of an equivalent size.

(c) Duff and organic layers. Consumption of soil organic material is also
directly related to its moisture content (Brown et al. 1985).

I. At moisture content greater than about 120 percent, duff will not burn.

ii. At moisture content less than about 30 percent, duff will sustain
combustion on its own once ignited.

iii. The amount of consumption of duff between 30 and 120 percent
moisture content depends on the amount of consumption of associated
fuels. (d) Live fuels. By prescribing the moisture content of live fuels in
the surface fuel layer, the amount of their flammability and consumption
is regulated. The amount of scorching of a conifer canopy may be
greater early in the growing season when trees are just becoming
physiologically active and foliar moisture content is lower than it is later
in the year. Live fuels may be consumed, regardless of their moisture
content, if a large loading of dry, dead woody material burns.

(2) Alter the fuel moisture. Use of water or foam changes the moisture
and burning characteristics of fuel. These techniques are commonly
used to build fireline and protect specific features, such as wildlife trees.

b. Fuel loading and distribution.

(1) Remove the fuels. Less fuel is available, and there is less potential



for heat release, if fuels are removed from a site. Fuels can be removed
by:

(a) Grazing.
(b) Commercial thinning of forests.
(c) Firewood sales.

(d) Yarding unmerchantable material to a central location during forest
harvesting operations.

(2) Change the fuels. If fuel distribution or arrangement is changed,
flammability, and the potential for heating, changes.

(a) Crushing. Crushing fuels increases fuel bulk density and can make
the rate of burning slower. However, if crushing compacts fuels to a
more ideal arrangement, it may enhance combustion.

(b) Lopping and scattering. Cutting and scattering of branches during a
logging or thinning operation makes fuel continuity more uniform, but
also decreases the potential for concentrated heating where piles of
branches would have been located.

(c) Piling or windrowing. Piling or windrowing fuels breaks up the
continuity and decreases the likelihood that fire can spread. A fire that
starts (or is started) in a pile or windrow has a greater potential for
subsurface heating if low moisture content of larger pieces and low
amounts of intermixed mineral soil permit a high degree of
consumption.

(d) Chaining. Chaining woodlands or shrub dominated areas alters the
distribution and continuity. If removal of the trees or shrubs allows more
grasses and forbs to grow (or if they are seeded), the flammability of the
site will be significantly higher because of the presence of downed
woody fuels.

(e) Herbicide. The use of herbicide to kill shrubs and woodland trees
results in a large amount of standing dead vegetation. Intermixture of
newly established grasses and forbs will result in a highly flammable
site.



c. Fuel chemistry. Application of long term fire retardants inhibits fuel
ignition and hence fuel consumption.

2. Ignition.

a. Backing vs. heading fires. Backing fires usually result in more
complete fuel consumption, particularly of litter and duff layers, than
heading fires.

b. Mass firing. Use of mass firing techniques, such as center firing or
concentric firing, may result in more complete consumption of fuels, for
a given moisture regime, than if a backing or heading fire were used.

c. Ignition devices. Use of ignition devices such as a heli-torch that
can apply a lot of fire in a short period of time can result in a fire that
causes more woody fuel consumption than if surface ignition were
used.

D. Methods To Monitor Fire Effects

Fuels inventory data are collected to facilitate accurate prescription
development, to determine if fuel consumption objectives are met, and
to relate fuel reduction to fire effects on other resources. Fuel moisture
data can determine whether prescribed conditions are met, and
document the conditions that correlate with specific amounts of fuel
consumption and related aspects of the heat regime of the fire. If smoke
emissions are a critical factor in a prescribed fire program, both fuel
moisture and fuel consumption data can be used to predict emissions,
refine prescriptions, and obtain an accurate estimate of the amount of
emissions produced by a particular prescribed fire. While mineral soil is
not a fuel, soil moisture data can provide important information for
documentation and interpretation of fire effects that are related to sub-
surface heating.

1. Fuel Loading. The type and amount of fuels inventory should match
the objective for

doing the inventory, because fuels data can be expensive and time
consuming to collect. Specific techniques have been developed for
inventorying or estimating living and dead biomass in forest and
rangeland vegetative types, many of which were developed specifically



for assessing fuels. The time of year when sampling is performed can
be critical if any component of live vegetation is being measured,
particularly grasses and forbs. Sampling performed before the full
amount of seasonal growth has occurred can produce serious
underestimates in fuel loading. Sampling during the normal fire season,
or during the specific time of year when a prescribed fire is planned to
occur, is recommended. Agency specific guidance for fuels
measurement in forests and in grassland and brush is provided in USDI-
NPS (1992).

a. Destructive sampling. Destructive sampling is the clipping, sorting
by size category, and weighing of all fuel in a representative area. This
is an extremely accurate way to collect fuels data but is also time
consuming and expensive. All of the other procedures detailed here
derive estimates of fuel loading from specific sets of measurements.

b. Estimating weight of herbaceous fuels. There are many
techniques for estimation of weight and production of herbaceous
rangeland vegetation because of its use as livestock forage. Most
techniques for weight estimation can be placed into one of three
categories:

1) clipping and weighing, 2) estimation, and 3) a combination of
weighing and estimation (Brown et al. 1982). Details on use of these
and related methods can be found in Hutchings and Schmautz (1969),
and Chambers and Brown (1983).

c. Estimating shrub weight.

1) Rangeland shrubs. Average height of an entire stand of big
sagebrush can be estimated by multiplying 0.8 times the average height
of the tallest plants in that stand (Brown 1982). Average sagebrush
height and percent can be converted to tons/hectare (tons/acre) (ibid.).
Martin et al. (1981) developed estimates for average loading by percent
of crown cover for big sagebrush, antelope bitterbrush (Purshia
tridentata), snowbrush ceanothus (Ceanothus velutinus), and greenleaf
manzanita (Arctostaphylos patula).

2) Forest shrubs. Shrub biomass can be estimated from basal stem
diameters for 25 species common in the northern Rocky Mountains
(Brown et al. 1982).



d. Live/dead ratio. The live/dead ratio within plants can be obtained by
ocular estimation or through more time consuming destructive sampling
techniques.

e. Inventory of dead woody fuels and duff.

1) Direct measurement. Brown et al. (1982) provides comprehensive
procedures for inventorying downed woody material, forest floor litter
and duff, herbaceous vegetation, shrubs, and small conifers. Field
sampling methods include counting and measuring diameters of
downed woody pieces that intersect vertical sampling planes,
comparing quantities of litter and herbaceous vegetation against
standard plots that are clipped and weighed, tallying shrub stems by
basal diameter classes, tallying conifers by height classes, and
measuring duff depth (ibid.). All of these procedures can be completed
at one sample point in about 15 minutes. The authors recommend that
at least 15 to 20 sample points be located in an area where fuel
estimates are desired. Although these procedures apply most
accurately in the Interior West, techniques for estimating biomass of
herbaceous vegetation, litter, and downed woody material apply
elsewhere (ibid.).

Formulas for calculating fuel loading from field measurements are found
in Brown (1974). Anderson (1978) provides graphs from which loading
can be estimated. The calculation procedures are converted into a
computer program listed in Brown et al. (1982). Agency fire
management staff may have software that can be used to calculate fuel
weights from these inventory data.

2) Photo series. A photo series developed for a specific fuel type in a
defined geographic area can be used to obtain an estimate of fuels. The
stand of interest is compared to pictures of similar stands in which fuel
inventories have been conducted. Precision is intermediate when
compared to other methods for obtaining fuels information. Photo series
are more accurate for assessing fire potential than for estimating fuel
loads (Fischer 1981a). Photo guides are available for natural and
activity fuels for coastal and interior forest types in the Pacific Northwest
(Maxwell and Ward 1976a, 1976b, 1980); for forest residues in two
Sierra Nevada conifer types (Maxwell and Ward 1979); for natural fuels
in Montana (Fischer 1981b, ¢, and d); for thinning slash in north Idaho
(Koski and Fischer 1979); and for natural forest residues in the southern
Cascades and northern Sierra Nevada (Blonski and Schramel 1981).



Supplementary information on fire behavior and resistance to control
were compiled for existing photo guides for Pacific Northwest coastal
forest (Sandberg and Ward 1981); for two Sierra conifer types (Ward
and Sandberg 1981a) and for Northwest ponderosa and lodgepole pine
types (Ward and Sandberg 1981b). There are presently no photo series
for the Great Basin or southwest U.S. Fischer (1981a) explains how a
photo guide is constructed with enough detail for a field office to
prepare a series on specific fuel types.

2. Woody Fuel Consumption. Fuel consumption is measured by
comparing prefire fuel loading data with data collected after a wildfire or
prescribed fire is extinguished. If a quantitative fuel reduction objective
was set, and a related fuel inventory technique selected and performed
before the fire, that same inventory must be conducted again. Changes
in fuel loading can be less precisely estimated by comparing photo
series pairs that match the appearance of the site before and after
burning.

In some cases, total downed woody fuel increases after a fire because
of the addition of branchwood and boles of trees that fell as a result of
the fire. If this has occurred, the observation should be recorded with
field data, as it will help interpret fuels data when the project is being
evaluated.

3. Litter/Duff Reduction. Techniques for measuring litter and duff
reduction are described in Chapter 11.D.8., this Guide, "Burn
Severity/Depth of Burn."

4. Fuel Moisture.

a. What should be sampled. Categories of fuel moisture that can be
related to the heat regime of a fire and to fire effects include the
following:

- less than 1/4-inch diameter down dead woody fuels (1 hour fuels)
- 1/4 to 1-inch diameter down dead woody fuels (10 hour fuels)
- 1 to 3-inch diameter down dead woody fuels (100 hour fuels)

- 3 to 8-inch diameter sound down dead woody fuel (1000 hour fuels)



- large diameter rotten down dead woody fuel
- surface litter

- thin duff layer

- upper part of a deep duff layer

- lower part of a deep duff layer

- organic soils

- organic layers beneath isolated trees and shrubs
- mineral soill

- tree foliage

- shrub foliage

- herbaceous plants

Moisture data required varies with vegetation type, expected fire
behavior and fire characteristics, the fuel situation on the site, and the
objectives for conducting the fire. While not a fuel, mineral soil is
included in this list because of its role in regulating heat transfer into
soil. (See Chapter V.B.1.a, this Guide.)

b. Where fuel moisture should be sampled. The following discussion
is derived from Norum and Miller (1984), and Sackett (1981). Fuel
moisture samples should be collected within the proposed burn unit and
be representative of the area. Samples should span the range of
vegetative conditions, fuel conditions, elevation, aspect, and slope on a
prescribed fire site, because these variables can lead to notably
different fire characteristics and fire effects. Notably wet and dry
microsites should be sampled, along with the areas between them. This
also applies to shaded and exposed spots, greater and lesser
concentrations of fuel, older and younger stands, and any other within-
plot variations that might influence fuel moisture content.



If fuels inside and outside of the prescribed fire unit are notably
different, as in the case of a clearcut, fuel moisture outside the burn unit
should also be monitored and documented. Differences in anticipated
fire behavior within and outside of the intended fire area help to
determine the probability of a spot starting a fire outside of the unit and
the needed contingency suppression forces in case the fire escapes.

c. The number of samples to collect. Prefire variability in moisture
content of fuels can be fairly high. Prefire samples can be used to
determine how many samples must be collected to guarantee the
needed sampling precision. See Chapter XI.B.1., this Handbook, for an

example of how to determine how large a sample size is required.

d. Direct sampling. Detailed discussions of fuel moisture sampling
methods and drying procedures are given in Norum and Miller (1984)
and Countryman and Dean (1979). While these two publications were
designed for specific geographic locations, the general principles
involved can be applied to other parts of the country.

(1) Containers. Commonly used containers are aluminum soil sample
cans, paint cans, nalgene bottles, and wide-mouth glass jars. Plastic
bags, even if they have a tight seal, are not suitable for sample
collection. Moisture can escape through small pores in the plastic,
especially if the sample sits for a while before processing. Moisture from
the sample can condense on the bag, and be lost when the sample is
transferred to another container for drying. Use of plastic bags for
sample collection can result in underestimation of sample moisture
content.

(2) General field procedures. Detailed procedures for collecting fuel
moisture samples in Alaska were developed by Norum and Miller
(1984). The publication contains many general procedures which can
be followed in any part of the country. Some general guidelines include:

(a) If recent rain, frost or dew have left obvious moisture on the surface
of the plants, sample moisture content may be overestimated.

(b) Material collected from living plants, leaf litter, and upper duff layers
becomes fairly stiff as it dries, and may expand, causing it to spring
from the sample containers during the drying process. Material must be
loosely packed into sample containers. Stems and leaves of live fuels



can be cut into small pieces as they are placed in the sample can.

(c) Samples must be kept cool, dry, and out of direct sunlight until they
are processed. Countryman and Dean (1979) recommend placing
samples within an ice chest until they can be brought back to the lab for
processing. Lunch coolers with a container of ice can also be used. If
samples cannot be processed immediately, refrigerate them, still
sealed, until they can be weighed.

(e) Live fuels. Guidelines for collecting specific species of plants are
given in Norum and Miller (1984), and can be adapted to other species.
Plant material sampled should consist only of living foliar material, not
dead branches, dead leaves, flowers, or fruits. A consistent manner of
sampling is most important, both for each species of plant and
throughout the growing season. Plant growth stage at the time of
sampling should be noted.

(3) Processing samples. A basic requirement for processing of fuel
moisture samples is a top-loading beam or torsion balance scale,
capable of measuring to 0.1 gram. If many samples must be processed
over the course of a field season, or several seasons, the cost of an
electronic balance may be justified because of the time saved and
accuracy that is gained.

Several different means exist for determining fuel moisture content in
the office or lab once samples have been collected.

(a) Xylene distillation. The xylene distillation method is a laboratory
procedure which produces extremely precise estimates of moisture
content for both live and dead fuels. However, this method is
comparatively expensive and takes a significant time to perform. It will
not be discussed further here.

(b) Microwave oven. Microwave ovens have been used successfully to
dry dead woody fuels (Norum and Fischer, 1980). McCreight (1981) did
not recommend use of a microwave oven for drying live fuels.

(c) Computrac®. The Computrac, Model FS-2A is a moisture analyzer
that weighs and dries a small sample and provides a moisture content
on a dry-weight basis. Material is dried in an automatically controlled
oven chamber, continuously weighed, and moisture content calculated.



Results are obtained within about 10 to 20 minutes for dead woody
fuels, or about one hour for live fuels. Fuels can be dried at 95 C. (203
F.), minimizing any loss of volatiles.

While quite accurate, a major disadvantage of the Computrac is the
very small size of the sample which can be processed, approximately 3
to 10 grams of material. In order to obtain a representative sample,
many samples must be subsequently processed. A second major
disadvantage of the Computrac is its high purchase price.

(d) Drying ovens. Detailed procedures for use of a scale and drying
oven can be found in Countryman and Dean (1979) and Norum and
Miller (1984). Processing of fuel moisture samples in a drying oven has
long been the standard for measurement of fuel moisture content.
Samples are weighed on a scale to the nearest 0.1 gram, dried in the
oven, and then weighed again to determine the amount of water lost.
Ovens are customarily set to 100 C. (212 F.) for dead woody fuels, and
80 C. (176 F.) for live fuels. The standard drying time is 24 hours. Major
advantages of a drying oven are that many samples can be processed
simultaneously, and accurate values are obtained if proper procedures
are followed. The disadvantage is the 24 hour delay in arriving at the
values for moisture content.

e. Fuel moisture meters. Several brands of fuel moisture meters are
presently available that provide a direct measurement of fuel moisture.
Most meters work by measuring the electrical resistance between two
probes which are inserted into a piece of wood. Most of these meters
were developed for testing the moisture content of kiln dried lumber and
are most accurate at lower moisture values. Some of these probes are
calibrated on a wet weight basis, not a dry weight basis, and will not
give answers that can be used as input to fire behavior prescriptions.
Most of the probes are less than an inch in length and cannot penetrate
deeply enough into large diameter wood to measure its moisture
content. However, a fairly accurate measurement of large fuel moisture
content can be made by cutting across the diameter of a large piece of
woody fuel and inserting the probe into the freshly exposed surface.
Because meters were developed to measure moisture content of wood,
a fairly dense substance, they cannot give an accurate reading of
moisture content within litter or duff layers, or of soil. These meters are
not suitable for live fuel moisture estimation because the probes cannot
be adequately inserted into the live fuels, and most meters do not
operate at high moisture contents.



f. Ways to estimate dead fuel moisture content.
(1) Calculation.

(a) Fine fuels. The moisture content of fine dead woody fuels can be
estimated with several different computation models. All models use
inputs which describe the environment in which the fuel is located,
temperature, relative humidity, slope, and time of year. The most simple
but marginally accurate calculation method is available in tabular form in
the course materials for S-390, Intermediate Fire Behavior, and S-590,
Fire Behavior Analyst. A more accurate estimate can be made using the
fine fuel moisture model (MOISTURE) in the BEHAVE system. (See
XIl.C.1.B.)

(b) Large diameter downed fuels. There is a regionally specific model
that accurately predicts the moisture content for large diameter dead
woody fuels, the ADJ-Th (Adjusted Thousand Hour) model developed
by Ottmar and Sandberg (1985). This model applies to 3 to 9-inch
diameter Douglas-fir and western hemlock logging slash in western
Washington and Oregon.

(2) Fuel sticks. A standard set of fuel moisture indicator sticks consists
of four, 1/2 inch diameter ponderosa pine sapwood dowels spaced one-
guarter inch apart on two 3/16-inch- diameter hardwood pins. They do
not measure any specific fuel but rather "measure the net effect of
climatic factors affecting flammability” (Davis 1959). When completely
dry, the sticks weigh 100 grams. Their moisture content can be
obtained by weighing them, using any of several types of commonly
available scales. Procedures for use of fuel sticks are described in
detail in Finklin and Fischer (1990).

Fuel sticks have important limitations. The differing density of the wood
of which the sticks are made can cause dowels made from the same
board to give different fuel moisture values when exposed to the same
environment. Response characteristics of the sticks can change
significantly with continued exposure and wood aging. A fuel stick
should be discarded after one season's use, and more often if rapid
weathering or checking has occurred. A fuel stick must be exposed at
least five days before moisture readings will be accurate. Because of
the variation in fine fuel moisture content caused by microsite
differences, use of only one set of fuel sticks to represent moisture



conditions for a prescribed fire may give a very inaccurate estimate.
E. Summary

Fuels are an integral part of most wildlands. At some time after death,
or while still alive, all vegetation becomes potential fuel. The single most
important factor controlling the flammability and consumption of fuels is
their moisture content. The moisture content of dead wildland fuels is
regulated by environmental factors, while that of living plants is largely
controlled by physiological processes. Other fuel properties can also
affect the degree of consumption. All direct effects of fire result from the
characteristics of the heat regime of the fire, which is controlled by the
manner in which fuels burn. Management of fuels is important because
by doing so, the heat regime of a fire is also regulated.

1. 0.63 approximates the value 1 minus 1/e, where e is the base for
natural logarithms (Schroeder and Buck 1970). This value is used to
describe fuel moisture relationships because the shape of the drying
and wetting curve as a function of time is approximately logarithmic.

2. The presence of unweathered organic coatings that limited vapor
movement in and out of the most recently cast needle litter was another
likely cause of the slow moisture response (Hartford and Rothermel
1991).

3. Conifers of the Larix genera (larches and tamarack) have deciduous
needles, and their moisture content will not be discussed here.
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CHAPTER IV - AIR QUALITY
By Larry Mahaffey and Melanie Miller
A. Introduction

Wildland fires produce smoke, an air pollutant. Smoke that is a result of
human activities is subject to legal restrictions imposed by state,
Federal, and local governments. Prescribed fire is a planned event, and
Federal land managers have a mandate to manage prescribed fire
smoke. Land managers must have a clear understanding of the
regulations and processes that must be complied with to manage
smoke. The liability for downwind effects is the responsibility of the
prescribed fire managers who produced the smoke.

The National Environmental Policy Act (NEPA) is the law that
establishes fundamental environmental policy for the U.S. and provides
the process for considering the full range of impacts in planning land
use activities. Agencies have the responsibility to disclose possible air
pollution impacts from land management projects. The Federal land
manager is required to conduct NEPA analysis if the project includes a
“significant" amount of burning, may have impacts on sensitive vistas or
visibility, or is located near a public roadway.

The 1977 Clean Air Act (CAA) mandates the protection of human health
and the prevention of significant deterioration of air quality, and
establishes acceptable levels of emissions. States are charged with the
responsibility for protecting air quality. States write State
Implementation Plans (SIPs) to interpret and enforce the Clean Air Act,
including the identification of Designated Areas (DA), principal
population centers or other areas requiring protection of air quality.
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Designated Class | Areas include specific National Parks, Wilderness
Areas, and certain Indian reservations. A goal for Federal Class | Areas
Is to prevent any future impairment of visibility and remedy any existing
impairment of visibility that results from human-caused air pollution. The
1990 Amendments to the Clean Air Act specify that individual States
must consider smoke from wildland fires in their SIPs. Requirements for
prescribed fires can be established by States in the SIP that are more
stringent than those in the CAA.

Anyone using prescribed fire must consider smoke management.
Smoke management requirements and procedures vary because of the
different amounts of fuel burned, fuel type, topography, meteorology,
and presence of smoke sensitive areas (Mathews et al. 1985). The
following questions can help a manager determine the level of smoke
management that is needed, and whether an increased emphasis on
smoke management is required.

1. Is the public informed of agency resource objectives for using
prescribed fire?

2. Is the amount of acreage treated with prescribed fire predicted to
change significantly?

3. Does topography or meteorology cause poor smoke dispersion?

4. Will prescribed fires cause or contribute to increased levels of air
pollutants?

5. Will smoke from prescribed fires result in public health and safety
problems or complaints?

6. Are Best Available Control Measures (BACM) used to manage
prescribed fire smoke?

The effects of smoke on the airshed and the public and the
opportunities to reduce these impacts will be discussed in this chapter.
Managers have the responsibility to do the best job possible to control
and mitigate the impacts of smoke that result from their actions or
treatments.

B. Principles and Processes of Fire Effects



1. Combustion Process.

a. Chemistry of combustion. The following is a summary of
information provided by Byram (1959). Wood is a chemically complex
substance, composed primarily of cellulose and lignin, of which carbon,
hydrogen, and oxygen are the primary constituents. When wood burns
in a completely efficient manner, it combines with atmospheric oxygen,
and produces water, carbon dioxide, and energy. Some of the water
that results from combustion is evaporated from the fuel, but a larger
proportion is a product of the chemical reaction.

b. Phases of combustion. The four phases of the combustion process
are described in Chapter I1.B.2, this Guide. Some strategies for smoke
management rely on manipulation of the amount of fuel consumed in
each combustion phase. The types of emissions and factors regulating
their production will be discussed with respect to the phases of
combustion. For a more complete discussion of the phases of
combustion, see Sandberg et al. (1978).

(1) Pre-ignition phase. During the pre-ignition phase, gases, vapors,
tars and charcoal are produced. The proportions and amounts vary
widely according to the conditions under which pyrolysis occurs. If rapid
heating occurs during pyrolysis, less charcoal, a lot of tar, and highly
flammable gases are produced. Slow heating during the pyrolysis
process results in the production of more charcoal, little tar, and lower
amounts of flammable gases (Sandberg et al. 1978).

(2) Flaming phase. The following is from Ryan and MacMahon (1976 in
Sandberg et al. 1978). The principal chemical by-products of flaming
combustion are carbon dioxide and water. However, some pyrolyzed
substances cool and condense without passing through the flaming
zone. Other substances are only partially oxidized as they pass through
the flames, and many combustion by products are produced. Low
molecular weight organic compounds may remain as gases and are
dispersed by wind. Tar droplets and particles of soot result from the
cooling and condensation of compounds with higher molecular weights.
Visible smoke consists of mostly tar, soot, and water vapor.

(3) Smoldering phase. The lower temperatures of the smoldering
phase allow some gases to condense as visible smoke. Smoldering
fires produce at least twice the emissions of flaming fires. Heat release



is inadequate to loft the smoke as a convection column, so smoke stays
near the ground and may persist in relatively high concentrations. Most
of the smoke produced consists of tar droplets less than one micron in
size (Johansen et al. 1985).

(4) Glowing phase. During the glowing phase, combustion is fairly
efficient. Carbon monoxide and carbon dioxide are released, but no
visible smoke is formed (ibid.).

c. Combustion efficiency. If combustion of fuels in wildland fires was
100 percent efficient, the burning of one ton of wood would release
3,670 pounds (1,665 kilograms) of carbon dioxide and 1,080 pounds
(490 kilograms) of water (Sandberg and Dost 1990). All of the carbon in
the fuel would oxidize to carbon dioxide. However, the combustion of
fuels in wildland fires is not a completely efficient process. The most
important reason for incomplete combustion is that wind cannot deliver
enough oxygen to the combustion zone to mix efficiently with all of the
flammable gases produced (Ryan and McMahon 1976 in Sandberg et
al. 1978). There are differences between heading fires and backing fires
in the proportion of time spent in the different combustion phases listed
above (ibid.).

(1) Heading fires. A heading fire is one in which the flaming front
moves ahead rapidly. The fire may be pushed by the wind, move
upslope, or be influenced by both factors. These fires burn with
relatively high fireline intensity, moving quickly from one fuel element to
another. The main combustion zone moves before most fuel elements
are completely consumed by fire. The flames continue ahead, leaving
behind a large area of smoldering fuel (ibid.).

(2) Backing fires. A backing fire burns into the wind or downslope.
Because the flames move more slowly, a higher proportion of fuel is
consumed in the flaming zone of the fire, leaving less fuel to smolder
after the flaming front has passed.

(3) Smoke production. For a given fuel bed and set of burning
conditions, a heading fire causes more total smoke production than a
backing fire. A heading fire generally results in more fuel consumed in
the smoldering phase of combustion than does a backing fire, and
smoldering fuels produce more smoke than fuels burned in flames. A
backing fire is a more efficient fire because more fuel is consumed in
flaming combustion, and less smoke production results.



d. Fuel properties that affect smoke production. Fuel properties that
affect smoke production are those that influence the phase of
combustion in which fuel consumption occurs, and the total amount of
fuel consumed. These factors are discussed more completely in
Chapter lll. Fuels.

(1) Fuel particle size, arrangement, and continuity. The smaller the
size of the fuel particle, the more quickly it can ignite and be consumed.
The arrangement of fuel particles affects the amount of oxygen that
reaches them. More tightly packed fuel, such as a bed of juniper or
spruce needles, burns less efficiently, and produces more smoke than a
loosely packed fuel bed, such as one of ponderosa pine needles. Fuel
continuity is a factor because if fuel particles are too widely spaced,
sustained ignitions cannot occur; flames are unable to ignite adjacent
fuels.

(2) Fuel loading. A site with large amounts of fuel can generate more
smoke than a site with little fuel. The size class distribution of the fuel is
also important, because the proportion of fuel in each size class affects
the proportion that may be consumed in flaming versus smoldering
combustion. Smaller diameter fuels, such as loosely packed grass litter,
fine branchwood, and live moss and lichens burn almost entirely in
flames with little residual smoldering. In contrast, large diameter
downed woody fuels such as those found in logging slash are rarely
consumed in flaming combustion, and thus have higher potential to emit
large amounts of residual smoke.

(3) Fuel moisture. The moisture content of the different size classes of
fuel affects smoke production because it influences fuel availability and
combustion temperatures. Extremely dry fuels burn rapidly and
completely, while wet fuels burn slowly or not at all. Any moisture
released from the fuels absorbs some heat energy from the fire, limiting
combustion temperatures (Ryan and McMahon in Sandberg 1978). If
larger size classes of fuels have a high moisture content, most or all of
the heat released by flames will be expended evaporating water, and
little consumption of large diameter fuels occurs. Fuel moisture, its role
in combustion, and its relationship to past and present atmospheric
conditions, is discussed more completely in Chapter Ill, Fuels.

2. Emissions. Emission products from fires vary greatly, depending
upon the type of fuel, fireline intensity, fuel moisture, wind, and



temperature of the fire.

a. Combustion products. Hundreds of different compounds are
emitted in the smoke from wildland fires. More than 90 percent of the
mass of smoke emitted from wildland fires consists of carbon dioxide
and water. Carbon in the fuel is also converted to particulate matter,
carbon monoxide, aldehydes, and hydrocarbons, as well as complex
organic materials (Johansen et al. 1985). Nitrogen oxides and
hydrocarbons produced by the fire can react together in the presence of
sunlight and produce ozone and organic oxidants. Ozone production
occurs in the top of a smoke plumes where there is more light, and in
downwind areas where smoke is less dense (Sandberg and Dost 1990).

Because most of the adverse effects of smoke are related to the
amount of smoke produced, fire managers need to know how much
smoke is generated. The answer can be estimated from two numerical
expressions: emission factor and emission rate.

b. Emission factors. An emission factor is the mass of contaminant
emitted to the atmosphere by the burning of a specific mass of fuel, and
is expressed in pounds per ton in the English system or grams per
kilogram as the metric equivalent (Johansen et al. 1985). An emission
factor can be calculated for a single fire, or a single combustion stage of
one fire, or it can be a statistical average for a geographical area or a
set of similar fires (Sandberg and Dost 1990).

(1) Carbon dioxide. The carbon dioxide emission factor for prescribed
fires ranges from 2,200 to 3,500 pounds per ton of fuel consumed (1098
to 1747 g/kg) (Sandberg and Dost 1990). The combination of carbon in
the fuel with atmospheric oxygen during combustion results in the
production of a greater weight of carbon dioxide than the original weight
of the fuel. Carbon dioxide is a "greenhouse gas", i.e., it may have an
effect on the global radiation budget and may be a factor in potential
global climate change. However, carbon dioxide is also released when
wood and other organic matter decays. Logging removes forest fuels
from sites and can reduce the amount of carbon dioxide that would be
released if the site burned. Fire suppression is not an effective way to
mitigate this carbon dioxide release from many wil